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FOREWORD 


The  research  described  in  this  report  was  carried  out  at  the  Materials 
Research  Laboratory,  Aerojet-General  Corporation,  Sacramento,  California, 
under  USAF  Contract  No,  AF  33(615)-1249.*  The  contract  was  initiated  under 
Project  No.  7350,  Task  No.  735001,  and  was  administered  under  the  direction 
of  the  Air  Force  Materials  Laboratory,  Research  and  Technology  Division, 
with  Captain  R.A.  Peterson  and  Lt.  P.  J.  Marchiando  acting  as  Project 
Engineers,  and  Dr.  E.  Rudy,  Aerojet-General  Corporation,  as  Principal 
Investigator.  Professor  Dr.  H.  Nowotny,  University  of  Vienna,  served  as 
consultant  to  the  project. 

The  project,  which  includes  the  experimental  and  theoretical  investiga¬ 
tions  of  ternary  and  related  binary  systems  in  the  system  classes  Mej-Me  -C, 
Me-B-C,  MCj-Mej-B,  Me-Si-B,  and  Me-Si-C,  was  initiated  on  1  January  1964. 

The  phase  diagram  work  on  the  three  metal-boron  carbon  systems 
described  in  this  report  was  carried  out  by  E.  Rudy  and  St.  Windisch.  Assist¬ 
ing  in  the  investigations  were:  J.  Pomodoro  (preparation  of  sample  material), 

J.  Hoffman  (metallographic  preparations),  andR.  Cobb  (X-ray  exposures). 

Chemical  analysis  of  the  alloys  was  performed  under  the  supervision 
of  Mr.  W.  E.  Trahan,  Quality  Control  Division  of  Aerojet-General  Corporation. 
The  authors  wish  to  thank  Mr.  R.  Cristoni  for  the  preparation  of  the  illustra¬ 
tions,  and  Mrs.  J.  Weidner,  who  typed  the  report. 

The  manuscript  of  this  report  was  released  by  the  authors  March  1966, 
for  publication  as  an  RTD  Technical  Report. 

Other  reports  issued  under  USAF  Contract  AF  33(615)-1249  have 
included: 

Part  I.  Related  Binaries 

Volume  I.  Mo-C  System 

Volume  II.  Ti-C  and  Zr-C  Systems 

Volume  III.  Systems  Mo-B  and  W-B 

Volume  IV.  Hf-C  System 

Volume  V .  Ta-C  System.  Partial  Investigations 

in  the  Systems  V-C  and  Nb-C 
Volume  VI.  W-C  System.  Supplemental  Information 
on  the  Mo-C  System 
Volume  VII.  Ti-B  System 

Volume  VIII.  Zr-B  System 

Volume  IX.  Hf-B  System 

Volume  X  V-B,  Nb-B,  and  Ta-B  Systems 

Part  II.  Ternary  Systems 

Volume  I,  Ta-Hf-C  System 

Volume  II.  Ti-Ta-C  System 


ii 


ABSTRACT 


The  ternary  alloy  systems  Ti-B-C,  Zr-B-G,  and  Hf-B-C  have  been 
investigated  by  means  of  X-ray,  metallographic,  melting  point,  and  differ en- 
tial-thermoanalytical  techniques.  The  experimental  alloy  material  comprised 
of  hot-pressed  and  sintered,  arc-  and  electron -beam  molten,  as  well  as  high 
temperature  equilibrated  and  quenched,  specimens;  each  phase  of  the  experi¬ 
mental  work  was  supported  by  chemical  analysis. 

The  results  of  this  investigation  are  discussed  and  possible  fields  of 
application  outlined. 
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Volume  in. 

Zr-Ta-C  System 

Volume  IV. 

Ti-Zr-C,  Ti-Hf-C,  and  Zr-Hf-C 

Systems 

Volume  V. 

Ti-Hf-B  System 

Volume  VI. 

Zr-Hf-B  System 

Volume  VU. 

Systems  Ti-Si-C,  Nh-Si-C,  and  W-Si-C 

Volume  VIII. 

Ta-W-C  System 

Volume  IX. 

Zr-W-B  System.  Pseudo-binary  System 
TaB  ,-HfB 

Volume  X. 
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and  Hf-Si-B . 

Volume  XI. 
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Volume  XU . 
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Part  III.  Special  Experimental  Techniques 

Volume  I.  High  Temperature  Differential  Thermal 

Analysis 

Part  IV.  Thermochemical  Calculations' 

Volume  I.  Thermodynamic  Properties  of  Group  IV, 

V,  and  VI  Binary  Transition  Metal 
Carbides . 

Volume  II.  Thermodynamic  Interpretation  of  Ternary 

Phase  Diagrams 

Volume  III.  Computational  Approaches  to  the  Calcu¬ 
lation  of  Ternary  Phase  Diagrams 


This  technical  report  has  been  reviewed  and  is  approved. 


W.  C-.  RAMKE 

Chief,  Ceramics  and  Graphite  Branch 
Metals  and  Ceramics  Division 
Air  Force  Materials  Laboratory 
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I. 


INTRODUCTION  AND  SUMMARY 


A.  INTRODUCTION 

From  the  intermediate  phases  formed  between  the  refractory 
transition  metals  and  boron,  the  diborides  of  the  group  TV  metals,  titanium, 
zirconium,  and  hafnium,  exhibit  the  highest  oxidation  resistance  and  thus 
have  attracted  technical  interest  in  recent  years.  Current  efforts,  devoted 
to  utilize  the  beneficial  properties  of  refractory  borides,  include  their  use  in 
composite  structures,  the  development  of  oxidation-resistant  graphites,  and 
of  protective  coating  systems  for  high  temperature  applications .  Their  extreme 
hardness,  which  compares  with  those  of  the  carbides,  stimulated  research 
directed  towards  their  utilization  in  cutting  materials.  Binder  less  TiC  +  TiBz 
composites,  for  example,  have  shown  promise  in  this  direction. 

Like  the  carbides  and  the  other  compounds  of  the  transition 
metals  with  B-elements,  the  borides  are  extremely  brittle,  and  hence  sensi¬ 
tive  to  mechanically  or  thermally  induced  stresses.  Considerable  efforts 
have  therefore  been  made  in  the  past,  to  find  suitable  binder  materials  to  improve 
their  poor  mechanical  properties.  However,  with  the  exception  of  the  metal- 

boron-carbon  alloys,  for  which  lower -temperature  phase  equilibrium  data 

(1-4) 

were  established  ir  previous  work4  ,  practically  no  systematic  investiga¬ 
tions  have  been  carried  out  on  ternary  or  higher -order  boron-containing  alloys. 

In  view  of  the  need  for  reliable  high  temperature  phase  equi¬ 
librium  data,  a  separate  task  of  the  present  program  was  devoted  to  the  study 
of  the  phase  relationships  in  selected  systems  Me-Si-B,  and  Me-C-B,  where 
Me  stands  for  a  refractory  transition  metal.  The  work  on  the  phase  diagrams 

Me-Si-B,  .^s  well  as  the  binary  metal-boron  systems,  has  been  described  in 
(5  7} 

previous  reports'  *  ,  whereas  the  present  one  covers  the  investigations  of 

the  phase  diagrams  Ti-B-C,  Zr-B-C,  and  Hf-B-C.  In  these  systems,  data  of 
particular  interest  included  the  high  temperature  behavior  of  the  diborides  in 
the  presence  of  graphite  and  B4C,  and  the  modification  of  the  metal-ricn 
equilibria  by  the  existence  of  monoborides  in  the  binary  systems  Ti-B  and 
Hf-B. 
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Each  individual  system  was  studied  in  fairly  great  detail  and  care 
was  exercised  in  the  experimentations,  in  order  to  achieve  accurate  and  reliable 
results.  Difficulties  encountered  during  the  course  of  the  work  included  slow  attain¬ 
ment  of  equilibrium  in  alloys  containing  hafnium  monoboride,  and  rapid  annealing 
of  the  eutectic  structures  in  ternary  alloys.  Usually,  rapid  quenching  from  the 
molten  state  was  required,  in  older  to  obtain  representative  microstructures. 

B.  SUMMARY 

The  ternary  alloy  systems  titanium -boron -carbon,  zirconium- 
boron-carbon,  and  hainium-boron-carbon,  have  been  investigated  by  means 
of  X-ray,  melting  point,  differential-thermoanalytical,  and  metallographic 
techniques;  complete  phase  diagrams  were  established  for  all  three  systems. 

The  phase  diagram  results  are  summarized  as  follows; 

v  1  *  Titanium -Bor  on -Carbon 

No  new  ternary  phases  are  formed  in  the  alloy  system, 
and  the  ternary  phase  field  is  dominated  by  the  very  stable  diboride.  Simple 
eutectic-type  pseudobinavy  equilibria  are  formed  between  TiBz~B4C,  TiBz~C, 
andTiBz~TiC.  In  the  lower  temperature  ranges,  a  further  two-phase  equi¬ 
librium  exists  between  th.;  incongruently  melting  TiB  and  the  monocarbide  phase. 
Eight  (8)  isothermal  ternary  reactions  occur  in  the  system,  of  which  three  are 
associated  mth  eutectic  formation  in  the  above  mentioned  pseudobinary  systems; 
four  Class  III  ternary  reactions  are  due  to  the  occurrence  of  ternary  eutectica 
within  the  three-phase  fields  Ti  +  TiB  +  TiC,  TiB  +  TiC  +  C;  TiB  +  B  C  +  C,  and 
’iiB2  +  B4C  +  B,  and  the  two-phase  equilibrium  between  the  monoboride  and 
the  monocarbide  is  terminated  in  a  Class  II  four -phase  reaction  at  2160*C.  The 
assembled  phase  diagram  is  illustrated  in  the  isometric  drawing  shown  in  Figure  1, 
while  binary  and  ternary  isothermal  reactions  are  summarized  in  concise  form 
in  the  familiar  Scheil-Schultz  reaction  diagram  (Figure  2).  Relevant  vertical 
sections  (isopleths)  of  the  system  are  depicted  in  Figures  3,  4,  and  5.  Isothermal 
sections  of  the  system  for  the  temperature  range  1500*  to  2800'C  are  given  in 
the  result  section  (IV-A-7)  of  this  report.  The  diagram  shown  in  Figure  6  dspicts 
the  location  of  the  eutectic  troughs  and  provides  an  approximate  temperature 
mapping  of  the  liquidus  surfaces  in  the  Ti-B-C  system. 

The  isothermal  ternary  reactions,  together  with  the 
approximate  compositions  of  the  equilibrium  phases,  are  as  follows: 


a. 


Pseudobinary,  Eutectic -Type  Reaction 
Isotherm  at  2620*C . 
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The  reaction  proceeding  at  this  temperature 

can  be  presented  as: 

T  <  2620* 

Liquid  (L)  -i— ±2*?.,  TiB.  (6)  TIC  (p) 

2 

The  approximate  equilibrium  compositicns  of  the  phases  are  given  in  Table  1. 

Table  1.  Pseudobinary  (Eutectic)  Reaction  Isotherm  L  — ►  +  p  at 
262 0°C:  Compositions  of  the  Equilibrium  Phases. 


Phase 

C  oncentrations 

Ti  B 

,  At. % 

C 

Melt  (L) 

45 

31 

24 

TiBz  (6) 

.  v  34 

~63 

<3 

TiC  (p) 

;  53 

_ 

v  6 

41 

b.  Pseudobinary,  Eutectic -Type.  Reaction 

Isotherm  at  2507°C . 

The  reaction  can  be  presented  as: 

Liquid  (L)  ~  25°^  TiB.  (6)  +  C  (K) 

T  2  2507* 

The  approximate  compositions  of  the  phases  are  given  in  Table  2. 
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Figure  2.  Scheil -Schultz  Reaction  Diagram  for  the  Titanium- 
Boron-Carbon  System. 


Table  2.  Pseudobinary  (Eutectic)  Reaction  Isotherm  L  — ►  6  +  K  at 
2507“C:  Compositions  of  the  Equilibrium  Phases 


Phase 

Melt  (Li) 
TiBz  (6) 
C  (K) 


i  Concentrations,  At.  %  1 

Ti 

B 

C 

23 

45 

32 

~34 

-w64 

<2 

<1 

-v2 

>97 

"i 


c.  Class  III  Four-Phase  Equilibrium  at  2400*C. 

The  ternary  eutectic  reaction  proceeding  within 
the  composition  field  TiB2  +  TiG  +  C  can  be  presented  as: 

T  <  2400* 

Liquid  (L)  ~  —  H  TiB,  (6)  +  TiC  (p)  +  C  (kt) 

trw  2 

The  equilibrium  compositions  of  tlie  phases  are  listed  in  Table  3. 

Table  3.  Class  HI  Four-Phase  Equilibrium  L  — *■  6  +  p  +  K  at  2400aC: 
Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentrations,  At.% 

Ti  B  C 

Melt  (L) 

29 

37 

34 

TiB2  (6) 

34 

64 

<2 

TiC  (p) 

52 

2 

46 

C  (K) 

<1 

<2 

>97 

d.  Pseudobinary,  Eutectic-Type  Reaction  Isotherm 

at  2310‘C 

#  \  • 

Eutectic  melting  or  solidification  occurring  between 
TiB2  and  B>4C  is  characterized  by  the  reaction  equation: 

T  <  2310* 

Liquid  (L)  ^  TiB,  (6)  +  B,C  (u>) 

T>  2310'  2  4 

The  approximate  equilibrium  compositions  of  the  phases  are  presented  in 
Table  4. 
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Figure  3.  Ti-B-C.  Isopleth  Ti-Hj^Co.j 

Table  4.  Pseudobinary  (Eutectic)  Reaction  Isotherm  L  —♦6  +  w  at 
2310*0;  Compositions  of  the  Equilibrium  Phases 


Melt  (L) 

^5 

80 

TiBz  (6) 

>33 

'65 

B4C  (u) 

<  1 

'82 

7 


e.  Class  EH  Four-Phase  Equilibrium  at  2240*C. 

This  equilibrium  is  associated  with  the  forma¬ 
tion  of  a  ternary  eutectic  between  the  phases  TiB2>  B4C,  and  C  (graphite), 
and  is  represented  by  the  reaction  equation: 

T  <  2240* 

Liquid  (L)  ~~  -  -  *  TiB.  (6 )  +  B.C  (w)  +  C  (*) 

f~>Z240»  2  4 


The  approximate  equilibrium  compositions  of  the  phases  are  given  in  Table  5 


Table  5.  Class  HI  Four-Phase  Equilibrium  L  — ►  6  +  w  +  K  at 
2240*C:  Compositions  of  the  Equilibrium  Phases. 

I  I  Concentrations,  At.  I 


Phase 

Ti 

B 

C 

Melt  (L) 

•*10 

■'*62 

•*28 

TiB2  (6) 

■*34 

■*64 

<2 

B4C  (w) 

<1 

■*8C 

>^9 

C  (K) 

<1 

■*3 

>96 

f.  Class  II  Four-Phase  Equilibrium  at  2160*C 

The  overall  reaction  proceeding  at  this  tempera¬ 
ture  can  be  presented  as: 

Liquid  (L)  +  TiB,  (6)  J  ~  Zl6°*  TiC  (p)  +  TiB  It) 

2  frmo- 

The  approximate  equilibrium  compositions  of  the  participant  phases  are  given 
in  Table  6. 

Table  6.  Class  II  Four-Phase  Equilibrium  L  +  6  — ►  p  +  2160®-.,: 

Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentrations ,  At .  1 
Ti  B  C 

Melt  (L) 

■*59 

•*34 

•*? 

TiB,  (6) 

•*34 

>64 

<2 

TiC  (p) 

■*64 

B 

TiB  (t) 

•*50 

>48 

1 

Figure  5.  Ti-B-C:  IsoplethTio.5Ba.5-C. 

g.  Class  HI  Four -Phase  Equilibrium  at  2016  *C. 

The  isothermal  reaction  proceeding  at  this 
temperature  is  associated  with  the  formation  of  a  eutectic  equilibrium  between 
the  phases  TiBz>  B*C ,  and  B,  and  can  be  represented  by  the  reaction  equation: 

Liquid  (L)  —  Z0-6J  TiB,  (6)  +  B4C  (u)  +  B  (t ) 

f  >  2 

The  approximate  equilibrium  compositions  of  the  phases  are  given  in 
Table  7. 


10 


h.  Class  n  Four-Phase  Equilibrium  at  1510*0. 

This  reaction  isotherm  is  associated  with  ternary 
eutectic  formation  between  fl-Ti,  TiB ,  and  TiC  according  to  a  reaction  scheme: 

T  1510* 

Liquid  (L)  -= - Ti  (P)  +  TiB  (y)  +  TiC  (p) 

T  1 5 1 S* 

The  approximate  equilibrium  concentrations  of  the  phases  are  given  in  Table  8. 

Table  8.  Class  II  Four -Phase  Equilibrium  L  —  {5  +  y  +  p  at  1510*C: 
Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentrations,  At.  % 

Ti  B  C 

Melt  (1) 

93  5  2 

Ti  (P) 

>98  M  >1 

TiB  (y) 

>51  >48  <1 

TiC  <p) 

^  68  ^2  ^0 

Zirconium 

-Boron -Car  bon 

No  structure  types  other  than  those  of  the  binary  phases  are 
found  in  ternary  alloys,  i.e.  the  ternary  phase  equilibria  formed  are  governed 
solely  by  the  stability  of  the  binary  phases .  As  in  the  corresponding  system 
with  titanium,  the  extreme  stable  diboride  dominates  the  ternary  phase  field, 
and  forms  two-phase  equilibria  with  ZrCj  _x>  b4C  and  graphite.  Altogether 
nine  (9)  isothermal  phase  reactions  occur  in  the  system:  three  of  them  are 
associated  with  the  formation  of  eutectic  equilibria  on  the  pseudobinary  sections 
ZrB  -ZrC,  ZrB  -C,  and  ZrB  -B  C.  Four  Class  III  four -phase  equilibria  take 
account  of  the  occurrence  of  ternary  eutectic  equilibria  between  the  phases 
Zr  +  ZrC  +  ZrB2,  ZrB2  +  ZrC  +  C,  ZrB2  +  B4L  +  C,  and  ZrBjz  +  B4C  +  B.  A 
Class  II  four -phase  plane  at  2l60*C  marks  the  replacement  of  the  solid-state 
equilibrium  ZrBJ2  +  B4C  by  an  equilibrium  ZrB?  +  liquid  towards  higher  tem¬ 
peratures;  a  further  Class  II  reaction  isotherm  at  1800*C,  which  involves  solid 
phases  only,  characterizes  the  lower  temperature  stability  limit  of  zirconium 
dodecarboride  in  the  ternary  phase  field.  With  the  exception  of  zirconium 
monocarbids,  for  which  a  maximum  boron -exchange  of  **  5  mole  percent  was 
determined,  the  atom  exchanges  in  all  other  phases  are  small. 


Phase  Diagram  of  the  System  Zr-B-C. 


The  phase  diagram  of  the  Zr  -B  -C  alley  system 
is  depicted  in  the  isometric  drawing  of  Figure  ?,  and  isothermal  binary  and 
ternary  reactions  are  summarized  in  condensed  form  in  t'  familiar  Scheil- 
Schultz  diagram  chown  in  Figure  8.  Two  isopleths,  one  t  <  ss  the  composi¬ 
tion  line  Zr-BgjCo^  ,  and  the  other  along  the  concentration  li  *  Zr0-5Co.5-B 
have  been  prepared  from  the  temperature  sections  (Chapter  IV -B -8),  and  are 
shown  in  Figures  9  and  10.  Sections  of  the  quasibinary  equilibria  are  contained 
in  the  result  section  of  this  report.  The  locations  of  the  melting  troughs, 
supplemented  by  liquidus  isotherms  (approximate)  are  illustrated  in  the  diagram 
shown  in  Figure  11. 


Figure  8.  Scheil -Schultz  Reaction  Diagram  for  the  Zirconiurn- 
Boron-Carbon  System. 


The  isothermal  ternary  reactions,  together  with  the 
approximate  equilibrium  compositions  of  the  participant  phases,  are  sum¬ 
marized  below. 


a.  Pseudobinary,  Eutectic -Type  Reaction  Isotherm 
at  2830°C . 


The  eutectic  reaction  between  the  diboride  and 
monocarbide  can  be  presented  as: 


T  <  28^0° 

Liquid  (L)  ZrB  (6)  +  ZrC  (p) 


The  equilibrium  compositions  of  the  participant  phases  are  given  in 
Table  9. 


Table  9.  Pseudobinary  (Eutectic)  Equilibrium  L  —  6  ■»  p  at  2830*C: 
Compositions  of  the  Equilibrium  Phases. 


'oncentrations.  At. 


Zr 

B 

C 

Melt  (L) 

42 

38 

20 

ZrB2  (6) 

~  33 

>65 

<2 

ZrC  (p) 

53 

5 

42 

This  reaction  isotherm  is  associated  with 
eutectic  formation  between  zirconium  diboride  and  graphite: 

Liquid  (L)  23?°*,  ZrB.  (6)  +  C  (K) 

f  >  2 

The  equilibrium  compositions  of  the  phases  are  given  in  Table  10. 

Table  10.  Pseudobinary  (Eutectic)  Reaction  L  — ►  6  +  K  at 

2390aC:  Compositions  of  the  Equilibrium  Phases . 


Phase 

Concentrations 
Zr  B 

,  At .  % 

C 

Melt  (L) 

— 

22 

45 

33 

ZrB2  (6) 

~33 

>65 

<2 

Graphite(/C) 

<  1 

~2 

>97 

c.  Class  III  Four-Phase  Equilibrium  at  2360°C. 

i  This  reaction  isotherm  is  associated  with  the 

formation  of  a  'ernary  eutectic  between  ZrBz>  ZrC,  and  C,  according  to: 

i 

| 

i 

i  T  <  2360" 

Liquid  (L)  ZrB.  (5)  +  ZrC  (p)  +  C  (K") 

T  >  2  360 4  2 


The  equilibrium  compositions  of  the  participant  phases  are  presented 
in  Table  11, 


d.  Pseudo  binary.  Eutectic -Type  Reaction  Isotherm 

at  2220*C. 


The  eutectic  reaction  between  ZrBz  and  B4C 
can  be  presented  by  the  reaction  equation: 

Liquid  (L)  /  -  ■  y  ZrB,  (6)  +  B4C  (w) 

TV2220*  2 

The  equilibrium  compositions  of  the  participant  phases  are  given  in  Table  12, 


Table  12.  Pseudobinary  (Eutectic)  Reaction  L — ►  &  +  w  at 

2220*C:  Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentrations,  At.  % 

Zr  B  C 

Melt  (L) 

•w  7 

•'*14 

ZrBz  (6) 

>32 

~6fe 

<2 

B4C  (w) 

<  1 

>81 

•^18 

e.  Class  II  Four -Phase  Equilibrium  at  2l65°C. 

This  reaction  isotherm  is  associated  with  the 
formation  of  a  ternary  eutectic  between  ZrB2,  B4C,  and  graphite,  according 
to: 


rp  ^  T  1  i  C  o 

Liquid  (L)  —  %  ZrB.  (6)  +  B4C  (w)  +  C  (K) 

t  >  ,2'n>5,‘  2 


The  equilibrium  compositions  of  the  phases  are  presented  in  Table  13 


f.  Class  II  Four -Phase  Equilibrium  at  2160*C. 

This  reaction  isotherm  in  essence  determines 
the  upper  temperature  limit  for  the  appearance  of  ZrBJ2  in  the  ternary  phase 
field.  The  reaction  can  be  presented  as: 


H 

1 


Liquid  (L)  +  ZrB,  (6)  21fe0^. 

2  TKZT608' 


ZrBI2  (7)  +  B4C  (w) 


The  equilibrium  compositions  of  the  phases  are  listed  in  Table  14. 

Table  14.  Class  II  Four -Phase  Equilibrium  L  +  6  — +  cj  at 
2160*^:  Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentrations 
Zr  C 

.  At.% 

C 

Melt  (L) 

-v6 

— 

*v91 

~3 

ZrB2  (6) 

>32 

-w67 

<  1 

ZrBJ2  (7) 

~90 

<  1 

B*C  (w) 

<  1 

-v-84 

>  15 

g.  Class  HI  Four-Phase  Equilibrium  at  ~1990“C. 


j  This  reaction  isotherm  determines  eutectic  melt- 

]  ing  (solidification)  between  the  phases  ZrBJz,  B4C,  and  C,  according  to: 

i 

i 

l 

1 

i  X  <  1990* 

j  Liquid  (L)  > ZrB.. (7)  +  B  (*  )  +  B*C  (u>) 

|  T>'19W 

The  approximate  equilibrium  compositions  of  the  participant  phases  are 
j  listed  in  Table  15. 

t 


20 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

1 

1 

I 

I 


Table  15.  Class  III  Four-Phase  Equilibrium  JL  — +  c  +  w  at 
1990*C:  Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentrations,  At. % 

Zr  B  C  ' 

Melt  (L) 

— 

•*2 

•V96 

ZrB,,  (7) 

>9 

•v90 

<  1 

B  (*) 

<  1 

>98 

~  1 

B4C  (cj) 

<  1 

CO 

00 

<> 

>11 

h.  Class  II  Four -Phase  Equilibrium  at  1800*C 
(Solid  State  Reaction) 

This  reaction  isotherm  irf  effect  determines 
the  low  temperature  stability  limit  of  ZrB12  in  the  ternary  phase  field.  T1 
overall  reaction  can  be  presented  as; 

ZrB,,  (7)  +  B4C  U  180°-  ZrB,  (5)  +  B  (* ) 

1  T">  180C*  2 

The  approximate  equilibrium  compositions  of  the  phases  are  listed  in 
Table  16. 


Table  16.  Class  II  Four -Phase  Equilibrium  7  +  ’^.—►6  t  c  at 
18Q0*C:  Composition  of  the  Equilibrium  Phases 


Phase 

Concentrations 
Zr  B 

,  At.% 

C 

ZrB12  (7) 

vio 

~90 

«1 

B4C  (w) 

<1 

v89 

>10 

ZrB2{6) 

>32 

67 

<1 

B(«) 

>98 

<1 

<1 

21 


i. 


Class  111  Four -Phase  Equilibrium  at  1615*C 


3. 


Hafnium -Bor  on -Car  bon 


No  new  ternary  alloy  phases  are  formed  in  the  system, 
and  the  phase  distribution  in  the  ternary  is  governed  by  the  appearance  of 
the  extremely  stable  hafnium  diboride  HfBz>  forming  pseudobinary  systems 
with  B4C,  graphite,  and  HfC  . 

Altogether,  nine  (9)  reaction  isotherms  occur  in  the 
ternary  phase  field.  Three  of  them  are  associated  with  the  formation  of  eutectic 
equilibria  in  the  above-mentioned  pseudobinary  system  sections;  ternary 
eutectic  melting  between  the  phases  a-Hf  +  (3-Hf  +  HfB,  HfC  +  HfBz  +  C, 

HfBz  +  B^C  +  C,  and  HfBz  +  B+C  +  B,  accounts  for  further  four  four-phase  tem¬ 
perature  planes;  one  Class  II  four -phase  equilibrium  at  1940°C  replaces  the 
equilibrium  monoboride  +  a-Hf-ss  by  an  equilibrium  HfC-ss  +  melt  towards 
higher  temperatures,  and  a  further  Class  II  equilibrium  at  2050°C  terminates 
the  appearance  of  the  monoboride  in  the  ternary.  Like  in  the  corresponding 
systems  involving  titanium  and  zirconium,  the  monocarbide  is  the  only  phase 
which  shows  appreciable  solid  solubility.  The  complete  phase  diagram  of  the 
system  Hf-B-C  in  isometric  view  is  shown  in  Figure  12,  while  binary  and  ternary 
reactions  are  summarized  in  condensed  form  in  the  Scheil -Schultz  reaction 
diagram,  illustrated  in  Figure  13.  Three  vertical  sections  (Figures  14,  15, 
and  16)  were  prepared  from  the  temperature  sections  (Section  IV -C -7)  and  the 
location  of  the  melting  troughs,  supplemented  by  the  liquidus  isotherms,  are 
shown  in  Figure  17. 


The  ternary  reaction  isotherms,  together  with  the  approxi¬ 
mate  compositions  of  the  phases  participating  in  the  non-variant  equilibria 
are  summarized  below, 

a.  Pseudobinary,  Eutectic-Type  Reaction  Isotherm 

at  3140'C . 

This  isotherm  is  associated  with  the  formation 
of  a  eutectic  equilibrium  on  the  pseudobinary  section  HfBz  +  HfC.  The  reac¬ 
tion  can  be  represented  by: 


30  jjO**' 


Liquid  (L) 


T  <  3140 


> - ^  HiC  (7)  +  HfB..  (< ) 

T  >  3'UO1 

The  approximate  equilibrium  compositions  of  the  participant  phases  are 
given  in  Table  18. 


Table  18.  Pseudobinary  (Eutectic)  Reaction  L  — «►  7  +  €  at 
3140*C:  Compositions  of  the  Equilibrium  Phases 


Phase 

C  oncentr  ations 
Hf  B 

,  At.% 

C 

Melt  (L) 

40 

44 

16 

HfC  (7) 

~55 

•vl2 

V33 

HfB2  («) 

•v34 

>64 

<2 

b.  Pseudobinary,  Eutectic-Type  Reaction  Isotherm 

at  2515»C. 

This  isotherm  is  associated  wit>  the  occurrence 
of  a  eutectic  equilibrium  along  the  pseudobinary  section  diboride  +  graphite. 
The  equilibrium  reaction  can  be  represented  by  the  equation: 

Liquid  (L)  HfB,  («)  +  C  (p) 

TTZSTST* 

The  approximate  equilibrium  compositions  of  the  phases  are  given  in 
Table  19. 

Table  19.  Pseudobinary  Eutectic  Reaction  L — ►  «  +  p  at 

2515*C:  Compositions  of  the  Equilibrium  Phases. 


Phase 

C  oiicentrations 
HC  B 

At .  % 

C 

Melt  (L) 

21 

42 

37 

HfB  #  («) 

>33 

>64 

<3 

C  (p) 

<1 

■v-2 

>97 

26 


I 


c.  Class  Four -Phase  Equilibrium  at  2480*C . 

This  eaction  isotherm  accounts  for  the  occur¬ 
rence  of  a  eutectic  equilibrium  between  diboride,  monocarbide,  and  graphite: 

Liquid  (L)  ~  Z---£°  HfB,  (»)  +  HfC  {7)  +  C  (p) 

T  >  2480s  2 

The  approximate  equilibrium  compositions  of  the  phases  are  listed  in  Table  20. 


Table  20.  Class  II  Four-Phase  Equilibrium  L  —  ►  t  +  7  +  P  at 
2480*C:  Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentrations,  At. % 

Hf  B  .C 

Melt  (L) 

24 

•  38 

38  . 

HfBz(«) 

"“33 

>64 

<3 

HfC  (7) 

-“51 

^5 

•v44 

Graphite  (p) 

<1 

•“2 

>97 

d.  Pseudobinary,  Eutectic-Type  Reaction  Isotherm 

at  2330°G . 

This  isotherm  is  associated  with  the  formation 
of  a  eutectic  equilibrium  along  the  pseudobinary  section  HfB2~B4C.  The  reac¬ 
tion  proceeding  at  2330°C  can  be  presented  as: 


T  <  ? ^30* 

Liquid  (L)  j  ~  HfB,  («)  +  B4C  <o>) 

T  >  2330 

The  approximate  equilibrium  compositions  of  the  participant  phases  are 
listed  in  Table  21. 
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Figure  14.  Isopleth  Hf-B0.5Co.s- 


Table  21.  Pseudobinary  (Eutectic)  Reaction  L  — *  c  +  u  Isotherm  at 
2330°C*.  Compositions  of  the  Equilibrium  Phases 


Concentrations, At. % 

Hf  B  C 

i  l 


tase 


Class  II  Four-Phase  Equilibrium  at  2260*C. 


The  four-phase  reaction  plane  is  associated 
with  the  formation  of  a  ternary  eutectic  between  the  phases  HfB2,  B4C,  and 
graphite.  The  eutectic  reaction  is: 

o’  <  22^0° 

Liquid  (L)  ■=■  "■■■  !>■  HfB.  (i)  +  B4C  (p)  +  C  (w) 

The  approximate  equilibrium  compositions  of  the  phases  are  presented  in 
Table  22. 


Table  22.  Four-Phase  Equilibrium  L  — +  to  +  p  at  2260“C: 
Compositions  of  the  Equilibrium  Phases 


Phase 

Concentrations,  At.  % 

Hf  B  C 

Melt  (L) 

—  ■■■■  — 

‘'*66 

~25 

HfB  2  (c ) 

-v33 

>64 

<3 

B4C  (to) 

<1 

~80 

>19 

C  (p) 

<1 

-vZ 

>97 

f.  Class  II  Four-Phase  Equilibrium  at  2050°C 

The  overall  reaction  at  equilibrium,  which 
essentially  describes  the  ternary  decomposition  (heating)  of  the  monoboride 
phase,  can  be  presented  as: 


T  <  2050* 

Liquid  (L)  +  HfB.  («)  ~  HfB  (6)  +  HfC  (-y) 

2  T>  2050* 

The  approximate  equilibrium  compositions  of  the  phases  are  listed 
in  Table  23. 

/ 
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g.  Class  III  Four-Phase  Equilibrium  at  1950*C 

The  four-phase  reaction  proceeding  at  this 
temperature  is  associated  with  the  occurrence  of  a  ternary  eutectic  between 
HfB2,  B4C,  and  B.  The  equilibrium  can  be  presented  as: 

T  <  1 950 * 

Liquid  (L)  —  HfB  (« )  +  B4C  (w)  +  B  (K) 

T  2  1950* 

The  approximate  compositions  of  the  equilibrium  phases  are  summarized 
in  Table  24. 


Figure  16.  Kf-B-C:  Isopleth  Hf0.5Coj-C. 
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Table  24. 


aJ-J-'V:'  *-V  -  J&5 

tf«r  i  •  ;  -  .  ,av-  xf  r*--- 


Class  II  Four-Phase  Equilibrium  L  — ►  »  +  <*>  +  * 
at  1950‘C:  Compositions  of  the  E  uilibnum  Phases. 


,oncentrations.  At. 


Hf 

B 

C 

Melt  (L> 

<v.q6 

--2 

HfBz  (t) 

^33 

>66 

<1 

B*C  (w) 

<1 

~89 

>10 

B  (Kl 

<1 

~98 

<1 

h.  Class  II  Four-Phase  Equilibrium  at  1940‘C. 


The  equilibrium  characterizes  the  replacement 
of  the  solid  state  equilibrium  o-Hf-.s  *  HfB  by  an  equilibrium  melt  +  mono- 
carbide  towards  higher  temperatures.  The  equilibrium  reaction  can  be  written 

Uquid  <u  *  HfC  M  ||i^  HfB  (6)  *  e-Hf  W> 

The  approximate  equilibrium  compoeitions  of  the  phases  are  presented  m 
Table  25. 

Table  25.  Class  II  Four -Phase  Equilibr  ium  L  +y  -►J  +  a  at 
1940*C:  Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentrations, 

Hf  B 

AJTtI 

C 

Melt  (L.) 

- - 1 

~84 

'*14 

HfC  (7) 

-v6E 

^32 

HfB  (6) 

~51 

>48 

<1 

a-H£  (a) 

~90 

i. 


Class  XI  Four -Phase  Equilibrium  at  1850*C. 


This  reaction  isotherm  is  associated  with  the 
occurrence  of  a  ternary  eutectic  equilibrium  between  a-Hf,  <5-Hf,  and  the 
monoboride.  The  overall  reaction  can  be  written  as: 


Figure  17.  Liquidus  Projections  for  the  Hf-B-C  System. 

(Liquidus  Isotherms  Approximate) 


The  approximate  equilibrium  composition  of  the  phases  are  listed  in 
Table  26 . 

Table  26.  Class  III.  Four-Phase  Equilibrium  L  —  a  +  P  +  6  at 
1$50*C:  Compositions  of  the  Equilibrium  Phases. 


Phase 

Concentr  tions,  At.% 

Hf  B  C 

Melt  (1) 

•>87.5 

•>11 

M.5 

a-Hf  (a) 

-JJ6 

•>1 

P-Hf  (p) 

>97.5 

•>1.5 

<i 

HfB  (6) 

->50 
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U.  LITERATURE  REVIEW 

A.  BOUNDARY  SYSTEMS 


1.  Titanium -Carbon 


Only  one  stable  intermediate  phase  is  formed  in  the 

system:  TiC,  with  a  face-centered  cubic,  Bl-type  of  structure  has  a  wide 

range  of  homogeneity^8  which  extends  at  1650°C  from  32  At.%  C  (a  =  3.285  %. ) 

to~49At.%C  (a  =  4.330  R,  Figure  19).  According  to  L.  Stone  and 

H.  Margolin^^,  the  exceptionally  wide  extension  of  the  homogeneity  range 

(9) 

to  the  metal-rich  region  found  by  P.  Ehrlich'  '  is  due  to  oxygen  or  nitrogen 
contamination  of  the  alloys.  According  to  more  recent  investigations^^’  ^ 
the  carbon-rich  boundary  is  located  at  slightly  understoichiometric  compositions. 
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but  work  by  E.  K.  Storms^14*  indicates,  that  the  phase  approaches  stoichio¬ 
metry  at  temperatures  close  to  melting. 

The  phase  relationships  in  the  Ti-C  system  were  investi¬ 
gated  by  I.  Cadoll  and  J.P.  Nielsen^1  According  to  their  results,  P-Ti 
decomposes  in  a  peritectic  reaction  at  1750*C  into  monocarbide  and  melt,  but 
later  data  clearly  are  in  favor  of  a  eutectic  reaction  isotherm  between  P-Ti 
and  TiCj  x^5'  Reported  melting  temperatures  for  the  monocarbide  phase 

vary  between  2940*0^^  and  3250*C^2^”23^,  and  a  congruent  melting  point  of 
3067®C  at  44  At.%  was  measured  at  this  laboratory^ The  carbon-rich 
eutectic  point  is  located  at  63  At.%  and  a  temperature  of  2776*C^14’ 

The  phase  diagram  of  the  titanium -carbon  system,  based  on  a  recent  re- 
determination  in  this  laboratory^^  is  shown  in  Figure  18. 

2.  Zirconium -Car  bon 


Only  one  stable  intermediate  phase,  a  monocarbide  with 

(24) 

a  face -centered  cubic,  Bl-type  of  structure  and  a  wide  range  of  homogeneity' 
occurs  in  the  system^*3,  *4,  24_3°^ ,  The  lower- carbon  boundary  at  1830*C  is 
located  at  approximately  38  At.%  C  (a  =  4.694  X  at  38.5  At.%  C 3°^; 
a  =  4.686  X.  at  37. 5  At. The  high- carbon  boundary  was  placed  by 
J.  Farr^28^  at  49-4  At.%.  Representative  lattice  parameter  data  reported 
for  the  graphite-saturated  phase  are:  a_  r  =  4.6983  3<^,  and  a  =  4.698^, 

(]5) 

measured  on  a  specimen  containing  excess  graphite 

The  phase  diagram  (Figure  20)  is  characterized  by  a 

eutectic  between  P-Zr  and  the  defect  monocarbide,  and  the  formation  of  a 

eutectic  between  the  very  high-melting  monocarbide  and  graphite.  In  its 

essential  details,  the  phase  diagram  data  given  by  R.V.  Sara,  et  al,  have  been 

(15) 

confirmed  by  work  in  this  laboratory'  . 

3.  Hafnium-Carbon 


In  the  binary  hafnium-carbon  system^3’  3*  34^(Figure  6), 

one  intermediate  carbide  phase  with  extreme  high  melting  point^3^’  33,  38^  and 

(27  37) 

a  wide  range  of  defect  solid  solutions  exists'  ’  ' . 
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Figure  18.  Constitution  Diagram  Titanium -Carbon. 

(E.  Rudy,  D.  P.  Harmon,  andC.E.  Brukl,  1965) 


Hafnium  monocarbide,  with  a  face-centered  cubic, 

(Bl)-type,  of  unit  cell,  extends  at  2300*C  from  approximately  34  At.%  C 

(a  =  4,  608  X. )  to  49.  5  At.%  G(a  =  4. 640  X  32^ .  The  lower-carbon  boundary 

(27) 

at  1500*C'  '  lies  at  37.5  At.%  C.  The  hexagonal  close-packed  a-(low  tem¬ 

perature)  modifications  of  hafnium  is  stabilized  to  higher  temperatures  by 
incorporation  of  carbon-atoms  into  interstitial  lattice  sites^34\  and  decom¬ 
poses  in  a  peritectic  reaction  at  2360#C.  into  monocarbide  and  melt^3i^.  The 
carbon  solubility  in  the  b.c.c.  (3-hafnium  is  below  one  atomic  percent^3^. 

The  (3-hafnium  phase  forms  a  eutectic  equilibrium  with  a-Hf  (2180*,  1.5  At.%  C); 
the  carbon-rich  eutectic  is  located  at  3180*C  and  65+1  At.%  C^31,  32^. 


36 


Figure  19-  TiCt  :  Variation  of  the  Lattice  Parameters  with 
the  ~xCarbon  Concentration. 


i 


4.  Titanium -Boron 

i  i 

In  the  binary  titanium -boron  system  (Figure  22),  two 
stable  intermediate  phases,  both  exhibiting  narrow  ranges  of  homogeneity, 
are  formed. 


The  orthorhombic  (B  -27-type)  monobor ide^^  occurs 

(39) 

at  compositions  close  to  stoichiometry  and  melts  incongruently  at  2190  +  25TI' 

(40  4T) 

Titanium  diboride,  with  a  simple  hecagonal  C 32 -type  of  structure'  *  ,  melts 

(39) 

with  a  sharp  maximum  at  3225®  at  the  stoichiometric  cbmposition'  .  Previous 

(42  43) 

claims  for  the  existence  of  a  tetragonal  Ti2B'  *  ,  a  face -centered  cubic 

(Bl)  monoboride  TiB^^*  45)^  boron-rich  phases  Ti  B  (W  B  -type^^) 

(47)  24  2  *(39  46) 

and  TiB,^^'  ,  could  not  be  confirmed  in  more  recent  investigations  '  *  ' 

(Table  27). 
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Figure  20.  Constitution  Diagram  Zirconium -Carbon. 

(R.V.  Sara,  C.E.  Lowell,  andR.T.  Doloff,  1963) 

The  solid  solubility  of  boron  in  a-  and  p -titanium  is 
lesa  than  one  atomic  percent^43*  47"50),  and  the  a-P-transformatlon  tempera 

(39) 

ture  remains  nearly  unaffected  by  the  addition  of  boron  .  TiB  and  p-Ti 
form  a  eutectic  equilibrium  at  1450*C  and  7  At.%  B*3<?*;  a  eutectic  also  is 
formed  between  the  diboride  and  boron  (Figure  22). 


Tempwotur«,*C 


Figure  21.  Constitution  Diagram  Hafnium -Carbon. 
(E.  Rudy,  1965) 


fc 


5.  Zirconium-Boron  (Figure  23) 

Two  intermediate  phases,  an  extremely  high  melting 

(13  51-53) 

diboride  *  ,  and  a  dodecaboride,  which  is  stable  only  at  temperatures 

above  1710”C,  occur  in  the  system  (Figure  23). 

Zirconium  diboride,  with  a  simple  hexagonal,  C32-Type, 

(41  54  55) 

of  structure'  *  *  ,  melts  congruently  at  3245 ®C  at  the  stoichiometric 

composition^^ . 
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Table  27.  Structure  and  Lattice  Parameters  of  Titanium  Borides 


Phase 

Structure 

Lattice  Parameters,  & 

Literature  Values  This  Investigation 

TljB* 

Tetragonal 

a  =  6.11  (42,44) 
b  =  4. 56 

a  =  6.10  a  =  5.24  .... 

c  =  4.53  °r  c  =  7.602(43) 

Not  confirmed 

St 

TiB 

F.C.C.  B3(13\ 
B1 

a  =  4.21  (40) 
a  =  4.24  (42) 
a  =  4.26  (43) 

Not  confirmed 

TiB 

Orthorhomb . 
B27-iype(FeB) 

a  =  6. 12 
b  =  3.06  (38) 
c  =  4. 56 

a  =  6. 10  +  0.03 
b  =  3.06  ±  0.01 
c  =  4.  56  _+  0.  01 

TiB2 

Hexag.  C32- 
Type 

(40) 

llllll  (18,30,31) 

a  =  3.032 
c  =  3.225 

TiZBs 

Hexag-B  8,-Type 
(W2B5)h 

b!  n’w*41'421 

Not  confirmed 

TiBv10 

n.  d. 

... 

(47) 

Not  confirmed 

*  Previous  observations  probably  refer  to  TiB  (B27) 
**  Probably  (O,  N,  C)-stabilized  impurity  phases 


ZrB,  haB  a  face-centered  cubic,  DZ,  (UB  )-type  of 

X  IE  .  -  / \ 

structure  with  a  *  7.408  ft  .  The  phase  is  stable  at  high  temperatures  only'  , 
and  decomposes  in  a  comparatively  rapid  solid  state  (eutectoid)  reaction  below 
1710*G  into  diboride  and  boron^7^.  F.W.  Glaser  and  B.  Fost^33^  as  well  as 

/  CO\ 

W.  Schedler'  '  observed  maximum  melting  of  the  dodecaboride  at  approxi- 

(57) 

mately  2680*C;  however,  more  recent  investigations  in  this  laboratory'  1 
indicate  the  phase  to  decompose  peritectically  at  temperatures  around  2250°C. 
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Figure  22.  Constitution  Diagram  Titanium -Bor  on. 

(E.  Rudy  and  St.  Windisch,  1966) 


A  previously  claimed,  face-centered  cubic,  monoboride 
with  a 4.65  *(42,  53,  56,  58). 

has  been  identified  as  oxygen  (nitrogen-carbon)  - 
(46  54  59) 

stabilized  impurity  phases'  ’  '  .  Similarly,  previously  observed  high 

/  C  g\ 

boron  solubilities  in  zirconium'  '  are  probably  associated  with  nitrogen  or 
oxygen  contamination  of  the  alloys.  The  boron  solubility  in  zirconium  is  less 
than  two  atomic  percent'  ’  *  ,  and  the  a-|3-reaction  temperature,  observed 

in  excess  diboride-containing  alloys  (880°C),  is  only  slightly  higher  than  the 
transformation  temperature  in  pure  zirconium  (Tq  p  =  865*^^,  872*^7^. 

ZrB2  and  p-Zr  form  a  eutectic  at  12  At.%  and  1660*Cj  the  boron-rich  eutectic, 
formed  between  ZrB.  and  boron,  is  located  at  ~98%  and  a  temperature  of 
'v2000*C(57). 
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Lattice  parameter  and  structure  data  of  zirconium 
borides  are  summarized  in  Table  28-. 

Table  28.  Structure  and  Lattice  Parameters  of  Zirconium  Borides 


Lattice  Parameters,  X 

Phase  Structure  Literature  Data  This  Investigation _ 


^Probably  Zr  (N,  O.C)  Solid  Solution 


6.  Hafnium  -B  ae  on 

Two  intermediate  phases,  a  very  refractory  diboride, 
and  an  incongruently  melting  monoboride,  occur  in  the  alloy  system  (Figure  24). 
Both  phases  form  at  the  stoichiometric  composition,  and  their  homogeneity 
ranges  are  small. 

Hafnium  diboride,  isomorphous  with  the  other  diborides 
of  the  group  IV,  V,  and  VI  refractory  transition  metal  diborides,  has  a  hexa¬ 
gonal,  C32-type,  of  crystal  structure,  with  a  -  3.141  X.,  and  c  =  3.470X  ^ 

(Table  29).  Reported  melting  temperatures  for  this  phase  include:'*  3100"C'22'  52^ 
3240*C^63^,  306C'*^4*;  maximum  melting  at  3380  ■+  20*C  at  the  stoichiometric 
composition  was  determined  in  this  laboratory^"*). 
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Figure  23.  Constitution  Diagram  Zirconium-'Boron. 

(E.  Rudy  and  St.  Windisch,  196b). 


Table  29.  Structure  and  Li  ttice  Parameters  of  Hafnium  Borides 


Lattice  Parameters,  X 


* 

HfB 

Cubic,  B1 

4.62  (63) 

Not  confirmed 

HfB 

Orthorhombic 

B27-type(FeB) 

a  =  6.517  X 
b  =  3.218  X  (59,66) 
c  4.919  X 

a  =  6.517  X 
b  --  3.218  X 
c  =  4.920X 

HfB2 

Hexag .  C  32  -tjpe 
(A1B2) 

a  =  3. 141 X 

c  =  3.470  X  *63' 
_  _ 

a  =  3. 142  X 

c  =  3.477  X^Hf°-’‘Zr<W4B2 

^Probably  Impurity  Phases  H/  (N,0,B,G). 
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.Figure  24.  Constitution  Diagram  Hafnium  -  Boron. 

(E.  Rudy  and  St.  Windisch,  1966) 


Hafnium  monoboride  has  an  orthorhombic,  B27-type,  of 
structure,  with  a  =  6.  517  X. ,  b  =  3.218  X. ,  and  c  =  4.919  (Table  29) .  T1 

phase  decomposes  ?n  a  peritectic  reaction  at  2100°C  into  diboride  and  melt, 
and  also  seems  to  become  unstable  with  respect  to  mixtures  of  a-Hf  and  HfB 
at  temperatures  below  1250*c'  . 

A  previously  claimed  face -centered  cubic  monoboride^' 

was  attributed  as  being  the  result  of  interstitial  contamination  (0,N,C)  of  the 
(59) 

alloys1  .  The  boron  solubility  in  p-hafnium  at  1880°C,  the  eutectic  tem¬ 
perature  between  P-Hf  and  HfB,  is  less  than  two  atomic  percent,  and  the  a-p- 
transformation  in  hafnium  remains  nearly  unaffected  by  boron  additions^^. 


On  the  boron-rich  side,  &  eutectic  equilibrium  at  ^2100*C  is  formed;  the 
eutectic  point  is  located  very  close  to  pure  boron  (Figure  24). 

7.  Boron -Carbon 

Considerable  controversies  still  exist  about  the  phase 

relatlons^^  as  well  as  the  number  of  phases^"*  existing  in  the  boron- 

carbon  system.  The  diagram,  which  seems  to  have  the  best  experimental 

(73) 

foundation  is  due  to  R.  P.  Elliott'  (Figure  25).  With  the  exception  of 
the  low  temperature  homogeneity  range  for  boron  carbide,  it  is  very  similar  to 
the  diagram  proposed  earlier  by  R. T.Dolloff^^  (Figure  26).  While  the  above 


Figure  25.  Phase  Diagram  Boron-Carbon. 
(R.P.  Elliott,  1961). 


investigations  as  well  as  Other  results  trom  previous  work^’^’ suggest 
the  existence  of  a  single  intermediate  ohase  only,  based  on  differences  in 
physical  properties,  C.  V.  Samsonov,  et  al.^^  concluded,  that  B]2C}  and 

B  C  exist  as  distinct  phases.  He  also  indicates  the  probable  occurrence  of 

13  *  (711 

a  third  compound  ?C  in  the  boron-rich  region  of  the  system 

The  possibility  for  the  occurrence  of  multiple  stoichio¬ 
metries  within  the  same  structural  framework,  where  more  than  one  inter¬ 
stitial  opening  is  available,  has  been  discussed  in  detail  by  J.  Economy',  et  al.^^ 
on  the  example  of  boron-carbon  (P,As,  O.S.Si)  phases.  The  rhombohedral 
structure  of  o-boron,  containing  the  boron  atoms  in  icosahedral  groupings  at 
the  vertices  of  the  unit  cell,  allows  for  three  interstitial  sites  along  the  three¬ 
fold  axis  of  the  unit  cell,  with  the  center  site(lb)  not  being  crystallographically 
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Figure  26.  Phase  Diagram  Boron-Carbon. 
{R.  T.  Doloff,  I960) 


equivalent  to  the  (identical  two)  outer  »ite>(2e).  Hence,  by  se.ected  tilling  of 
these  interstitial  lattice  sites,  and  without  considering  substitutions  in  the 
boron  frame  lattice,  three  types  of  stoichiometries  could  be  derived: 

[. 

[»  B.!°(,b)c2] 

[-  B12Cs,  for  X=Y  =C 
=  BiPP  ~  ®isC2’  *or  X=C»  Y=B_ 

□  =  Vacant  site 

Although  this  classification  cannot  be  regarded  as  more  than  an  expression  for 
the  inequality  of  the  available  lattice  sites,  it  does  indicate  the  possibility  for  a 
bifurcation  of  the  phase  as  a  result  of  the  rapid  change  of  the  distribution  equi- 
libria,  and  hence  the  positional  free  energies,  with  temperature1  .  Since 
the  larger  boron  atoms  may  substitute  for  carbon  in  the  (lb)  portion,  the  free 
energy  differences  between  the  interstitial  lattice  sites,  which  in  turn  are 
responsible  for  the  relative  occupation  density,  cannot  be  very  large.  Thus, 
one  would  suspect,  that  ordering  on  the  two  interstitial  sublattice  systems 
would  occur  at  comparatively  lower  temperatures.  Phase -separation  reactions 
necessarily  are  diffusion-controlled  nucleation  and  growth  processes;  it  is 
therefore  possible,  that  differences  in  the  thermal  histories  of  the  specimens 
studied  by  the  various  investigators,  may  to  a  part  be  made  responsible  for 
the  observed  differences.  Apparently  more  work,  especially  detailed  studies 
of  the  temperature-dependence  of  sublattice  partition  equilibria,  will  be  required 
for  a  final  clarification  of  the  problem. 


»i*C 


b.  buc2 


c.  B12X2Y 


B.  TERNARY  SYSTEMS 

1.  Titanium -Boron-Car  bon 

(47) 

According  to  H.M.  Greenhouse,  etal.'  mixtures  of 
B»C  and  TiC  l react  at  high  temperatures  to  form  TiB  and  free  graphite;  the 
existence  of  the  equilibrium  TiBz*C  -was  also  verified  in  work  by  F.  W.  Glaser 
According  to  W.T.  Engel^85*  andC.  G.  Goetzel*86\  titanium  diboride  is  stable 
in  the  pree  ..ca  of  boron  carbide,  and  the  existence  of  a  eutectic  (30  mole  % 

*■  /  Q  *7\ 

TiB^,  1900*C)  between  these  phases  was  claimed  by  K.I.  Portnoi,  et.al. 

The  existence  of  a  eutectic-type  pseudobinary  section  TiC -TiB  ,  seems  to  be  well 

1881  £ 

established  trom  the  work  by  G.A.  Geach  and  F .O.  Jones'  ,  and  by 

G.  V.  Sair-sonov^8^.  Complete  solid  solution  formation  between  TiB  and  TiC,^g(^ 

as  well  as  the  high  solubility  of  TiB,  in  TiC  (20  mole  %)  claimed  by  G.V .Samsonov, 

2  (90) 

were  not  confirmed  in  later  investigations  by  H.  Nowotny,  et  al.  '  (Figure  27). 


B 


Figure  27,  Section  cf  the  Phase  Diagram  Ti-B-C  at  1500CC. 

(H. Nowotny,  F . Benesovsky,  C.Erukl,  and  O.Schob,  1961) 
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2. 


Zir  conium  -B  or  on -Carbon 


The  existence  of  the  equilibrium  pairs  ZrB^BfC*  and 

ZrB  -C  has  been  established  by  the  work  of  F.  W.  Glaser^^,  and  by 
2  <911 

L.  Brewer  andH.  Haroldsen*  ZrB  and  ZrB,  were  said  to  be  unstable 

(44)  2 

in  the  presence  of  carbon*  ,  however,  based  on  extended  investigations, 

(89) 

G.  V.  Samsonov*  1  concludes,  that  the  monoboride  ~nd  the  monocarbide 
form  a  continuous  series  of  solid  solutions.  An  investigation  of  a  system  reac 
tion  by  H.  Nowotny,  et  al.^  (Figure  28)  shows  the  equilibria  ZrB2-B4C, 

ZrB  -C  and  ZrB  -ZrC,  and  only  very  restricted  mutual  solubilities  of  the 
phases;  ZrBlz  does  not  appear  at  the  chosen  equilibrium  temperature.  Based 
on  metallographic  work, the  latter  authors  further  conclude,  that  ZrB  forms 
eutectic -type,  pseudobinary  equilibria  with  ZrC,  B4C,  and  graphite. 


Figure  28.  Section  of  the  Phase  Diagram  Zr-B-C  at  1400*C. 
(H.  Nowotny,  E.  Rudy,  and  F.  Benesovsky,  1961) 


3. 


Hafnium -Bor  on -Car  bon 


An  isothermal  section  of  the  system  at  1500#C  was 
determined  by  H.  Nowotny  and  co-worker  s^(Figure  29).  According  to  these 
investigations,  the  diboride  forms  two-phase  equilibria  with  the  monocarbide, 
graphite,  and  B4C,  and  the  monocarbide  dissolves  up  to  ''■'10  mole  %  HfB. 
While,  at  lower  temperatures,  hafnium  monoboride  forms  an  equilibrium  with 
the  monocarbide  at  high  temperatures,  the  metal-rich  portion  of  the  system  is 
dominated  by  the  diboride  and  monocarbide  phases. 


Figure  29.  Section  of  the  Phase  Diagram  Hf-B-C  at  1500°C. 

(H. Nowotny,  E.Rudy,  and  F.Benesovsky,  1961) 
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III. 


EXPERIMENTAL  PROGRAM 


A.  STARTING  MATERIALS 

The  elemental  powders,  as  well  as  prealloyed  monocarbides 
and  diborides  served  as  the  starting  materials  for  the  preparation  of  the 
experimental  alloy  material. 

1.  Titanium  was  purchased  in  powder  form  from  Var-Lac-Oid 
Chemical  Company.  It  had  the  following  impurities  (contents  in  ppm):  C-1300, 
H-1500,  N-50,  Fe-500,  and  0-200.  Lattice  parameters  of  a  =  2.949  $, 

c  =  4.68g  $  ,  which  were  obtained  from  a  Debye -Scherrer  pattern  with  CuK^ 
radiation,  are  in  reasonable  agreement  with  literature  data  (a  =  2.950  &  ; 
c  =  4.6833  $)*92). 

2.  Hafnium  sponge  and  hafnium  metal  powder  (<120p)Were  pur¬ 
chased  from  W&h  Chapg  Corporation,  Albany, Oregon.  The  analysis  of  the  powder 
was  as  follows  (contents  in  ppm):  Al-20,  C-210,  Nb-680  (<  1000)  ,  Cr-<20, 
Cu-40,  Fe-265,  H-55,  Mo-40,  N-200  (<300),  0-810  (<1000),  Si-<40  (10),  Ta-<200 
(400),  Ti-20,  W-235,  sum  of  all  other  impurities-<l 00.  The  hafnium  powder, 
which  also  contained  4.  1  atomic  percent  zirconium,  had  lattice  parameters  of 

a  =  3.196$.;  c  =  5.05Y$;  these  values  are  in  close  agreement  with  literature 
data  of  a  =  3.194  to  a  =  3.199$,  and  c  =  5. 05 10  to  c  =  5.  062  $  ^92^. 

The  hafnium  sponge  had  the  following  impurities  (contents 

in  ppm):  Al-94,  Cu-<40,  Fe-185,  Cl-100,  Mg-450,  N-30,  0-680,  Si-<40,  Ti-250, 

W-<7.  The  zirconium  content  of  the  sponge  was  4  atomic  percent.  Data  from 

a  DTA -analysis  of  this  starting  material,  which  yielded  apparent  a-(3-trans- 

formation  temperatures  of  1770°C  and  1800°C  for  the  arc  molten  metal  powder 

and  the  sponge  hafnium,  respectively,  are  compatible  with  the  values  to  be 

(93) 

expected  from  the  combined  interstitial  impurity  contents  . 


*The  bracketed  figures  refer  to  data  obtained  from  a  control  analysis  performed 
by  the  staff  of  the  Quality  Control  Laboratory  at  Aerojet-General  Corporation. 
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Zirconium  and  zirconium  dihydride  were  purchased  as 
powders  from  Wah  Chang  Corporation,  Albany,  Oregon.  The  impurity  contents 
in. zirconium  were  as  follows  {contents  in  ppm):  C-40,  Fe-315,  Hf-67,  0-839, 
Ta-<400,  sum  of  all  other  impurities -<460.  A  comparative  DTA-analysis, 
carried  out  between  crystal-bar  zirconium  and  the  above  raw  material,  yielded 
identical  a-(3 -transformation  temperatures  of  872^  15°C  (literature  value: 
865®^^.  The  lattice  parameters  were  measured  a  =  3.232  ,  and  c  =  5. 149  &  . 

The  analysis  supplied  for  zirconium  dihydride  was  (con¬ 
tents  in  ppm,  unless  stated  otherwise):  H-2.1  Wt.%,  C-320,  Cu-125,  Fe-1800, 
Hf-137,  Mg-255,  N-116,  0-1300,  Si-157,  Ta-<200,  sum  of  others-<405. 

4.  The  titanium  monocarbide  powder  (Var-Lac-Oid  Chemical 

Company),  with  a  particle  size  of  <80ju,  had  an  analyzed  carbon  content  of 
19.50  Wt.%  (49.40  At.%),  of  which  0.20  Wt.%  (0.5  At.%)  were  present  elemental 
graphite.  The  following  analysis,  which  largely  was  confirmed  by  a  semi- 
quantitative  spectrographic  analysis  carried  out  in  this  laboratory,  was  sub¬ 
mitted  by  the  supplier  (impurity  contents  in  weight  percent):  Fe-0.05,  Si-0.01, 
Ca-0.01,  Na-0.005,  0-0.15.  The  lattice  parameter  of  the  as-received  powder 
was  a  =  4.  323  X. 

5.  Zirconium  monocarbide  was  purchased  as  <  44*i  powder 
from  Wah  Chang  Corporation,  Albany,  Oregon.  The  carbide  had  a  total  carbon 
content  of  11.54  Wt.%  and  a  lattice  parameter  of  a  -  4.698  R  were  measured 
for  the  as-received  powder.  The  impurity  contents  were  as  follows  (in  ppm): 
Nb-<  100,  Hf-40,  N- 1 100,  0-1040,  Ta-<200,  sum  of  all  others -<400. 

6.  Titanium  diboride  was  prepared  by  direct  combination 
of  the  elements  at  high  temperatures.  In  order  to  circumvent  difficulties 
arising  from  the  violent  reaction  in  the  formation  of  the  diboride,  a  master 
alloy  containing  85  atomic  percent  boron  was  prepared  first.  This  intermediate 
product  was  then  comminuted,  the  necessary  amount  of  zirconium  powder 
admixed,  and  again  reacted  for  2  hours  at  1800°  to  2000°C  under  a  high  purity 
helium  atmosphere.  After  cooling  under  vacuum,  and  discarding  of  the  zones 


52 


adjacent  to  the  tantalum  container,  the  reaction  lumps  were  crushed  and 
comminuted  in  carbide-lined  ball  mill  jars  to  a  particle  size  smaller  than 
60/j.  Cobalt  traces,  which  were  picked  up  during  grinding,  were  removed  by 
an  acid-leach  in  an  8N  mixture  of  hydrochloric  and  sulfuric  acid. 

The  chemical  analysis  of  the  diboride  gave  a  boron  con¬ 
tent  of  65.3  +0.3  At.%;  the  powder  also  contained  0.  088  Wt.%  carbon. 
Roentgenographically,  only  the  diboride  was  detected  (a  =  3.03E  &  ,  c  =  3.224  X), 
while  metallographic  inspection  also  revealed  the  presence  of  small  amounts  of 
exce  s  s  monobor  ide  . 

7.  Zirconium  diboride  was  prepared  in  the  same  way  as 
titanium  diboride.  The  acid-leached  and  vacuum-dried  powder  had  a  total 
boron  content  of  65.2  atomic  percent,  and  contained  also  0.11  Wt.%  carbon. 

A  semiquantitative  spectrographic  analysis  showed' the  following  impurity  con¬ 
centrations  (in  ppm):  Fe-<300,  Si-100,  Mg-<100,  Ca— <100,  Co-not  detected, 

Cu  +  Ni  +  Mn— <100,  Cr-not  detected,  Mo-<100,  Ti-200,  V,  W,  and  Ta-not 
detected.  Roentgenographically,  the  product  was  single  phased  (a  =  3.167  X 
c  =  3.  530  %),  but  a  metallographic  inspection  showed  the  presence  of  small 
amounts  of  excess  metal  phase. 

8.  The  preparation  of  hafnium  diboride  was  analogously 
to  the  procedures  described  for  titanium  diboride.  The  chemical  analysis  of 
the  diboride,  which  contained  metallographically  detectable  quantities  of  mono¬ 
boride,  gave  an  average  boron  content  of  65.0  +  0.3  atomic  percent.  Carbon 
was  present  in  a  quantity  of  less  than  0.020  Wt.%,  and  the  sum  of  oxygen, 
nitrogen,  and  hydrogen  was  below  200  ppm.  A  semiquantitative  spectrographic 
analysis  showed  the  following  additional  impurities  to  be  present  (in  ppm): 
Fe-<200,  Si-<200,  Mg-<100,  Ca-<500,  Co  +  Ni  +  Mn  +  Cr  +  Mo-<100,  Ti-300; 

V,  W,  Ta,  and  Nb  were  below  the  detectable  limit.  The  lattice  parameters, 
obtained  from  a  Debye -Scherrer  pattern  with  Cu-Kq  radiation,  were  a  =  3.142  %  , 
and  c  =  3. 477  X  . 

9.  The  spectrographic  grade  graphite  powder  (Union  Carbide 
Corporation,  Carbon  Products  Division)  had  the  following  analysis  (contents 
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in  ppm):  Sum  of  metallic  impurities  (A1  +  Cu  +  Mg  +  Si  +  Fe),  and  sulfur-<100, 
ash-<500  ppm,  volatile  matter-100  ppm.  No  second  phase  impurities  were 
detected  in  strongly  overexposed  X-ray  powder  diffraction  patterns,  and  the 
unit  cell  dimensions  measured,  a  =  2.463  &  ,  and  c  =  6.729  compare 
reasonably  well  with  literature  values  of  a  =  2.461  X,  and  c  =  6.708  . 

10.  Boron  powder  with  a  purity  of  better  than  99.55%  was 
purchased  from  United  Mineral  and  Chemical  Corporation,  New  York.  Major 
impurities  were  0.25  Wt.%  iron  and  0.1  Wt.%  carbon. 

B.  ALLOY  PREPARATION  AND  HEAT  TREATMENT 

The  majority  of  the  specimens  for  the  X-ray,  DTA,  melting 
point,  and  metallographic  investigations  were  prepared  by  short-duration  hot- 
pressing^^  of  the  well-blended  ingredient  mixtures  in  graphite  dies.  After 
hot-pressing,  the  surface  reaction  zones  were  removed  by  grinding  and  the 
samples  subjected  to  the  further  homogenization  treatments. 

Selected  alloys  from  the  very  metal-rich  region  (C  +  B  <15  At.%) 
in  each  system,  specifically  intended  for  melting  point  and  DTA-studies,  were 
electron-beam-(Heraeus  gun  ES  2/4)  or  arc -melted  prior  to  the  runs. 

The  lower -temperature  homogenization  treatments  were  carried 
out  in  a  tungsten-mesh  element  furnace  (R.  Brew  Company)  under  a  vacuum  o<" 
better  than  5  x  10  Torr.  Equilibrations  above  1600°C  were  either  run  under 
a  high  purity  helium  atmosphere  in  the  above  furnace,  or  were  carried  out  in 
the  Pirani  melting  point  furnace^^.  The  main  equilibration  treatments  for 
the  three  borocarbide  systems  are  summarized  in  Table  30.  Additional  treat¬ 
ments,  carried  out  on  selected  specimens  to  study  the  temperature  dependence 
of  certain  equilibria,  are  not  included,  but  will  be  referred  to  later  in  the  text. 
Wherever  necessary,  rapid  quenching  conditions  were  achieved  by  dropping  the 
sample,  after  equilibration  at  the  desired  temperature  in  the  Pirani  furnace, 
directly  into  a  preheated  (  ~300*C)  tin  bath. 
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Table  30.  Solid  State  Homogenization  Treatments  for  Ti-B -C , 
Zr-B-C,  and  Hf-B-C  Alloys 


Annealing  Conditions 

Alloys  from  the 
Concentration  Range 

Temperature 

*C 

Diration 

hrs. 

Atmosphere 

Ti-B-C 

1400 

68 

-s 

Vac,  2x10  Torr 

TiB2-TiC,_x-C-B 

1750 

12 

1 .05  atm.  He 

Zr-B-C 

1400* 

92 

Vac,  2  x  10“5Tbri 

ZrBz-ZrClx-C  -B 

1750* 

12 

1.05  atm.  He 

ZrBz-B4C-B 
(rapid  quenched) 

1900* 

12 

2  atm.  Ho 

Hf-B-C 

92 

-5 

Vac,  2  x  10  Torr 

HfBz-HfC,_x-C-B 

■ 

12 

1.0  atm.  He 

HfC  +5  At.%  B 

2 

1.05  atm.  He 

Hf-H^g  Co,  2-Hf^  Bo,2 

melted  + 
1750* 

1-3  hrs 

Vac,  2  x  10”*Tbrr 

A  total  of  approximately  200  alloys  were  prepared  for 
each  alloy  system  and  evaluated.  About  one-third  of  the  alloy  specimens  were 
analyzed  for  their  boron  and  carbon  contents  after  the  runs,  and  check  analyses 
for  oxygen  and  nitrogen  were  performed  on  the  specimens  in  the  various  stages 
of  preparation,  in  order  to  assure  the  integrity  of  the  experimental  alloy 
material.  In  general,  the  latter  impurities  were  present  in  concentrations 
less  than  250  ppm.  It  was  assumed,  that  these  low  impurity  contents  wil) 
have  no  measurable  effect  upon  the  observed  phase  relationships,  and  hence 
were  disregarded  in  the  experimental  interpretation  of  the  results. 

With  the  exception  of  the  melting  point  alloys,  which 
were  located  close  to  the  extremely  high  melting  hafnium  monocarbide  phase 
and  showed  boron  losses  of  up  to  2  atomic  percent  during  melting,  the 
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concentration  stability  of  the  alloys  usually  was  better  than  one  atomic  percent 
witn  regard  to  the  weighed-in  compositions. 

C.  MELTING  TEMPERATURES 

The  melting  temperatures  of  the  alloys  were  determined  with 
the  previously  described  Pirani-technique^84,  94) .  In  this  method,  a  small 
sample  bar  with  a  black  body  hole  of''-'  0.6  mm  diameter,  drilled  or  pressed 
into  the  center  of  the  specimen,  is  heated  resistively  between  two  water- 
cooled  copper  electrodes  to  the  temperature  of  the  phase  change.  The  tempera¬ 
ture  is  measured  pyrooptically  with  a  disappearing  filament-type  pyrometer 
through  a  quartz  window  in  the  chamber  wall  of  the  furnace.  Pyrometer  cali¬ 
bration,  and  the  relations  between  black  body  hole  geometry  and  apparent  hole 
emissivities,  have  been  described  in  a  previous  report^84^.  The  temperature 
correction  chart,  which  was  computed  from  these  data,  is  shown  in  Figure  30. 
For  the  measurements  on  Me-B-G  alloys,  the  temperature  correction  for 
graphite-free  specimens  were  based  on  an  average  emissivity  coefficient  of 
t  =  0.985.  The  temperature  figures  for  samples  containing  more  than  20  volume 
percent  elemental  carbon  were  corrected  according  to  an  apparent  emissivity 
of  «  =  0.995. 


With  the  exception  of  metal-rich  alloys,  (<20  At.  B-element) 
which  also  were  run  under  vacuum,  the  majority  of  the  melting  point  runs  were 
carried  out  under  a  high  purity  helium  atmosphere  of  2.5  atmospheres  pressure, 
in  order  to  reduce  concentration  shifts  due  to  preferential  vaporization  of  the 
alloy  components.  The  precision  of  the  temperature  measurements,  in  terms 
of  the  mean  deviation  in  the  individual  measurements,  was  usually  better  than 
+  10*C  for  isothermally  or  nearly-lsothermally  melting  alloys.  Larger 
scatters  were  encountered  in  extremely  two-phased  melting  alloys,  and  incipient 
melting  in  alloys  located  close  to  one  of  the  boundary  phases  usually  was  difficult 
to  observe;  however,  since  the  temperatures  for  the  reaction  isotherms  were 
derived  from  the  measurements  on  alloys  located  closely  to  the  invariant  points, 
these  date,  have  no  influence  on  the  accuracy  of  the  finally  accepted  data. 
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Where  interaction  with  the  container  was  negligible  (metal-rich 
alloys)  or  immaterial  (alloys  from  the  concentration  region  Me32-MeC-C), 
independent  melting  temperature  results  were  obtained  from  differential- 
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Figure  30,  Temperature  Correction  Chart  for  the  Pirani-Furnace . 

The  temperature  figures,  as  noted  in  the  figures,  refer  to  the 
precision  of  the  measurements,  and  do  not  include  the  errors  in  the  pyrometer 
calibrations.  The  overall  temperature  uncertainties  can  be  compute  from 
the  relation 


where  <r  denotes  the  overall  temperature  uncertainty,  and  cr^  and  cr^  stand 
for  the  errors  In  the  measurements  and  the  pyrometer  calibration,  respec¬ 
tively.  Representative  values  for  <rc  are  10°C  at  2300°C»  +_  at 

3000*C,  and  +  30*C  (estimated)  at  4000*C. 

D.  DIFFERENTIAL  THERMAL  ANALYSIS^84’  95/ 

DTA -techniques  were  extensively  employed  in  the  course  of 
the  investigations  of  all  three  systems.  They  proved  to  be  very  useful  and 
for  the  elucidation  of  the  phase -reaction  occurring  in  the  hafnium -corner  of 
the  Hf-B-C  system  and  the  study  of  the  ternary  decomposition  of  the  ZrBJ2 
phase;  for  the  determination  of  the  eutectic  temperatures  in  the  boron  corner 
of  all  three  systems, differential  thermal  analysis  proved  to  be  a  valuable 
supplemental  technique,  since  the  poor  electrical  conductivity  of  the  specimens 
usually  prevented  accurate  measurements  to  be  made  in  the  Pirani  furnace. 

From  all  container  materials  tried,  graphite  ultimately  proved 
to  be  the  best  choice,  and  was  exclusively  used  in  the  measurements.  The 
maximum  temperatures  applicable  in  the  experiments  are.  determined  by  the 
eutectic  temperatures  MeB2  +  MeC  +  graphite.  Hence,  the  temperatures  to 
which  DTA -investigations  could  be  carried  out  without  serious  interaction 
problems,  were  limited  to  approximately  2400°C  for  the  Ti-B-C  and  Zr-B-C 
system,  and  to  2500°C  for  the  Hf-B-C  alloys. 

Altogether,  47  DTA  specimens  were  prepared  in  the  three 
alloy  systems  (Figures  31,  32,  and  33),  and  the  results,  obtained  in  multiple 
runs  on  each  sample,  correlated  with  the  data  obtained  by  the  other  techniques. 
After  the  runs,  the  specimens  were  sectioned  and  analyzed  by  X-ray  diffrac¬ 
tion  and  by  inspection  under  the  microscope. 
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—  Atomic  %  Carbon 


Figure  31.  Ti-B-C:  Location  of  Samples  Investigated  Ly 
Differential  Thermal  Analysis. 


Figure  32.  Zr-B-C:  Location  of  Specimens  Investigated  by 
Differential  Thermal  Analysis. 


B 


Figure  33.  Hf-B-C:  Location  of  Specimens  Investigated 
by  Differential  Thermal  Analysis. 


E.  METALLOGRAPHY 

The  specimens  were  mounted  in  a  combination  of  diallyl- 
phthalate  and  lucitt -coated  copper  powder  such,  that  an  electrically  conductive 
path  (for  electroetching)  was  provided  from  the  back  of  the  mount  to  the  sample 
surface.  After  coarse  grinding  on  silicon  carbide  paper  with  grit  sizes  vary¬ 
ing  between  120  and  600,  the  samples  were  mechano-chemically  polished. 
Polishing  as  well  as  etching  procedures  varied  with  the  phases  present  in  the 
alloys  (Table  30).  Excess  metal-containing  alloys  from  all  three  systems 
were  electro-etchad  in  10%  aqueous  oxalic  acid  solution.  The  anodic  oxidation 
provided  excellent  phase  contrast.  The  metal  phases  usually  appeared  as 
light  blue,  whereas  the  monoborides  assumed  a  brown  color.  The  diboride 
phases  remained  unaffected  by  the  anodization  treatment.  Usually,  no  etching 
w3.S  required  for  excess  graphite,  B4C,  or  boron-containing  alloys;  however, 
i : ;  *.rd  -r  to  reveal  the  substructures  present  in  certain  phase  components. 
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addition  of  5%  chromic  acid-solution  to  the  polishing  agents  proved  to  be 
advantageous.  The  microscopic  examinations  were  made,  and  the  exposures 
taken,  on  a  Zeiss  Ultraphot  II  metallograph,  using  contrast  process  Ortho 
film  by  Kodak. 


Table  31.  Etching  Procedures  for  Group  IV  Metal-Boron- 
Carbon  Alloys. 

a.  Ti-B-C  Alloys 


Alloys  from  the 

Concentration  Range 

Etchant  and  Procedure 

T i - T ioj C 0,3  -  T  io.s  C  0.2  B  o„  3  -  T i0<7 B 0,3 

10%  oxalic  acid,  electroetch 

Ti0.7C0>3  -Tio.5C0>2B0>3-C0.7Bo.3 

1%  Aqua  Regia  +  Hf,  dip -etch 

Ti0,7B0.3  "Tio.  2B0.3  C0.s  “Tl0.2B0.sC0. 3“Ti0,5B0.5 

Pre -polish  and  etch  with 
Murakami's,  followed  by  dip -etch¬ 
ing  in  1%  Aqua  Regia  +  Hf 

Other 

Polish  and  etch:  Slurry  of  Linde 
"A"  alumina  in  5%  chromic  acid 
solution. 

Zr-B-C  Alloy 8 

Zr-Zr0>6CQ,4-Zr0. 40B0.50 

10%  oxalic  acid,  electroetch 

Zro.tC0<4 -ZrQ,4B0.6  -Zr0,3Bo.7  -Zrc.2C0.8 

10%  Aqua  Regia  +  Hf,  dip -etch 

Other 

Polish  and  etch:  Slurry  of  Linde 
"A"  alumina  in  5%  chromic  acid 
solution. 

Hf-B  -C 

Hf-Hfo.7C0.3  -Hf0.4B0>  3  C<*  -HfQ.3  B0.7 

10%  oxalic  acid,  electroetch 

Hfo.7Co.3  “Hf0>4 B0.  3C0.3  ”Hf0.  4C0, 

10%  Aqua  Regia  +  Hf,  dip-etch 

Other 

As  polished. 

F.  X-RAY  ANALYSIS 

X-ray  powder  patterns  with  Cu-Kq  radiation  were  prepared 
from  all  alloys  prepared  in  the  course  of  the  experimental  investigations. 
Powders  from  specimens,  containing  excess  metal  phase,  received  a  stress¬ 
annealing  treatment;  at  the  respective  temperatures  prior  to  the  exposures,  in 
order  to  obtain  sharp  patterns.  Excessive  back-ground  fogging  due  to  fluores¬ 
cent  radiation  from  titanium -containing  alloys  was  eliminated  by  using  a  cover 
film. 


The  exposures  were  made  on  a  57.4  mm  dia  powder  camera  on 
a  Siemens  Kristalloflex  n  unit,  and  the  Bragg  angles  were  measured  on  a 
Siemens -Kirem  coincidence  scale  with  precision  m1  ’.rometer  attachment. 

G.  CHEMICAL  ANALYSIS 

Samples  were  analyzed  for  free  and  combined  carbon,  boron,as 
well  as  oxygen  and  nitrogen  contaminants. 

Total  carbon  was  determined  using  the  standard  combustion 
technique.  Down  to  carbon  contents  of  0.1  Wt.%  the  analyses  were  carried 
out  in  a  Leco  carbon  analyzer  ;fcr  still  lower  carbon  concentrations,  the  gas 
analysis  was  performed  conductometrically.  Free  carbon  was  determined 
in  the  usual  manner  by  determining  the  quantity  of  the  graphite  residue  left  after  the 
powdered  sample  had  been  disaol\«d  in  a  mixture  of  nitric  and  hydrofluoric  acid. 

The  procedure  followed  for  the  boron  analysis  was  in  brief  as 
follows:  the  powdered  alloy  samples  were  fused  at  1000*C  in  pre-dried  sodium 
carbonate  and  the  resulting  melt-cake  dissolved  in  water.  Excess  carbonate 
was  precipitated  with  barium  hydroxide  and,  together  with  other  metal  hydroxide 
precipitates,  removed  by  filtration.  The  filtrate  was  then  acidified  to  a  pH-value 
of  5.3  and,  after  addition  of  mannitol,  titrated  differentially  with  N/lO  NaOH 
between  pH  5.3  and  8,5.  The  consistency  of  the  data  obtained  by  this  method 
varied  somewhat  with  the  nature  of  the  phases  present  in  the  alloys,  but  generally 
was  within  the  limits  of  +  0.  5  atomic  percent  boron. 
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Oxygen  and  nitrogen  were  hot-extracted  in  a  gas -fusion 
analyzer,  using  a  platinum  bath.  As  indicated  in  Section  m-B,  the  concen¬ 
trations  of  these  latter  impurities  did  in  neither  case  exceed  250  ppm  and 
hence  were  disregarded  in  the  final  analysis  of  the  experimental  data. 

IV.  RESULTS 

A.  TITANIUM-BORON-CARBON 

1.  The  Titanium  Phase 

While  the  pure  metal  phase  melts  at  1668 *C,  an  alloy 
Ti(94) -B(3)-C(3)  atomic  percent  already  collapsed  at  1510*C  (Table  32). 
Metallographically,  the  alloy  was  three-phased,  containing  primary  crystal¬ 
lized  p-Ti  (transformed)  and  monoboride  in  a  matrix  of  P-Ti  +  TiB  +  TiC  eutectic. 
A  DTA-run  performed  on  a  sample  Ti(80)-B(10)-C(10)  At.%  yielded  an  appar¬ 
ent  a-p-transformation  of  890#C,  which  is  higher  than  that  of  the  pure  motal 
(880*C),  but  lies  between  those  of  the  corresponding  reaction  isotherms  in  the 
binary  edge  systems  Ti-B  (T^  =  880*C),  and  TiC  (T^''*  930°C). 

2.  Phase  Equilibria  in  the  Metal-Rich  Portion  of  the  System 


Melting  in  the  alloys  with  a  total  semimetal  content  of 
more  than  15  atomic  percent  becomes  increasingly  heterogeneous.  After 
cooling,  the  alloys  were  three-phased,  consisting  of  metal,  monocarbide,  and 
monoboride  (Figures  34  through  37).  The  lattice  parameters  measured  for  the 
monoboride  (a  -  t> .  \Z  b  =  3.  07  X ;  c  =  4.  56  X)  and  for  the  titanium  phase 
(a  =  2.952  X;  c  =  4.692  X),  are  nearly  the  same  as  obtained  for  the  binary 
phases.  Depending  upon  the  quenching  conditions,  parameters  varying  between 
4.  308  and  4.310  X  were  obtained  for  the  mon^carbide  in  three -phased  alloys, 
thus  indicating  a  certain  amount  of  boron  substitution  in  the  semimetal  sub¬ 
lattice.  An  average  parameter  of  a  =  4.  305  X,  obtained  for  the  monocarbide 
phase  in  the  alloys  heat-treated  at  1400 'C  (Figure  38),  is  closer  to  that  of 
the  carbon-deficient  binary  phase  (a_._  =  4.304  X  at  1490*C;  a_,~  =  4.286X 

at  1650®C).  x 
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Figure  34.  Ti-B-C  (84-10-6  At. %),  Cooled  from  1550'C.  X950 

Monocarbide  (Dark  Equiaxed  Grains)  and  Monoboride  in 
a  Matrix  of  Transformed  P-Ti  (Light). 


Figure  35.  Ti-B-G  (90-6-4  At. %),  Cooled  at  Approximately  X1000 
15*C  per  Second  from  1515*C. 

Traces  of  Primary  Monocarbide  in  a  Partially  Annealed 
Eutectic  Matrix. 
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Table  32.  Melting  Temperatures  and  Phase  Evaluation  of  Titanium-Boron-Carbon  Alloys 
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Figure  36.  Ti-B-C  (75-10-15  At. %),  Cooled  at  Approximately  X1000 
10°C  per  Second  from  1710‘C. 

Primary  Monocarbide  (Strongly  Etched,  Dark  Crystals); 
Monoboride,  and  Transformed  (3  — T1  (Light). 


Figure  37.  Ti-B-C  (64-29-7  At.%),  Cooled  at''-  20*C  per  X700 

Second  from  1600*C. 

Primary  Monocarbide  (Dark, Heavily  Etched),  Monoboride 
(Small,  Elongated  Crystals),  and  Excess  Titanium  (Light). 
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Figure  38.  Ti-B-C:  Location  and  Qualitative  Phase  Evaluation 
of  the  Alloy  Series  Equilibrated  at  1400'C. 


Metallographically,  an  alloy  Ti-B-C  (66-3-31  At.%) 
quenched  from  1800*0  is  still  three-phased,  containing  eutectic  and  excess 
monoboride  at  the  grain  boundaries  of  the  primary  crystallized  monocarbide 
(Figure  39).  An  alloy  Ti-B-C  (62-3-35  At.%)  is  single-phased  after  quench¬ 
ing  from  2700*C  (Figure  40),  but  shows  significant  monoboride  precipitation 
after  re-equilibration  and  slow  cooling  from  1300*C  (Figure  41). 

Alloys  located  along  the  section  TiB-TiCj  generally 
were  three-phased  after  quenching  from  temperatures  in  excess  of  2l60’C, 
containing  a  non -equilibrium  mixture  consisting  of  TiBz>  TiB,  TiC,  and  Ti 
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Figure  39-  Ti-B-C  (66-3-31  At.%),  Quenched  from  1900*0 

Primary  Monocarbide  with  Excess  Monoboride  and 
Ti  +  TiB  +  TiC  Eutectic  at  the  Grain  Boundaries. 
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Figure  40,  Ti-B-C  (62-3-35  At.%),  Quenched  from  2700*C 
Single  Phase  Monocarbide  Solution. 
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Figure  41.  Ti-B-C  (62-3-35  At.%),  Sample  from  Figure  40 
Re-equilibrated  for  10  Minutes  at  1800*C,  and 
Slowly  Cooled. 

Monocarbide  Solution  with  Localized  Precipitations  of  TiB 
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Figure  42.  Ti-B-C  (51-47-2  At.%),  Cooled  with  Approximately  X600 
5“C  per  Second  from  22 ICC. 

Four-Phase  Non-Equilibrium  Mixture- Ti  +  TiB,  +  TiC  +  TiB. 


(Table  32,  Figures  42  and  43);  the  equilibration  reaction  proceeds  to  com¬ 
pletion,  and  the  alloys  ultimately  become  two-phased  TiB  v  TiC-ss,  if  either 
■low  cooling  rates  (  <  1*C*  sec  )  are  employed,  or  if  these  alloys  are  re- 
ancealed  at  lower  temperatures  (Figure  44).  Based  on  the  incipient  melting 
data  obtained  by  DTA  as  well  as  by  Pir&ui -techniques,  the  class  II  reaction 
Isotherm 


L  +  TiB2  -*  TiB  +  TiC 
was  placed  at  a  temperature  of  2160*C. 


Figure  43.  Ti-B-C  (55-30-15  At.%),  Cooled  with 

Approximately  IQ'C  per  Second  from  2300®C. 

Four  -Phase  Reaction  Mixture  L(Ti)  +  TiB2  — ►  TiC  +  TiB 


X1000 


3 .  The  Pseudobinary  Section  Diboride  -Monocarbide 

With  the  exception  of  alloys  containing  less  than  2  atomic 
percent  boron,  1400°C  homogenized  alloys  located  along  the  section  TiB2~ 

TiCj  (0  <  x  <  28)  are  two-phased  monoboride  +  diboride  (Figure  38).  The 
two-phase  equilibrium  pertains  up  to  the  melting  range,  as  after  quenching 
from  the  molten  state,  the  X-ray  patterns  revealed  the  presence  of  only  these 
phases.  Melting  of  the  alloys  with  diboride  contents  of  approximately  40  atomic 
percent  occurred  isothermally  at  262 0*C  (Table  32,  Figure  45).  The  eutectic 


Figure  44.  Ti-B-C  (62-12-26  At.%),  Melted  Re-Equilibrated  X750 
for  20  Minutes  at  2i00*C,  and  Quenched.  As  Polished. 

X-ray:  TiC-ss  +  TiB. 


composition  was  bracketed  to  within  57+^2  mole  %  TiCj  by  metallographical 
inspection  of  alloys  which  were  rapidly  quenched  from  the  molten  state  (Figure 
46  through  51).  In  either  instance,  cooling  rates  in  excess  of  50 *C  per  second 
proved  to  be  necessary,  in  order  to  prevent  partial  annealing  of  the  eutectic 
(Figures  52  and  53.)  The  monocarbide  dissolves  temperature -dependently 
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Figure  45.  Ti-B-C:  Pseudobinary  Section  TiBz-TlC  . 


to  a  maximum  of  approximately  5  atomic  percent  boron.  Although  less  pro¬ 
nounced  than  in  Hf-B-C  system,  the  solubility  seems  to  be  larger  in  the  carbon- 
deficient  carbide,  i.e.  solid  solution  formation  occurs  by  substitution  for 
carbon,  but  also  by  filling  of  carbon  vacancies  with  boron  atoms  in  the  sub- 
stoichiometric  carbide.  Precipitation  of  boride  from  the  monocarbide  occurs 
considerably  faster  from  the  carbon-richer  compositions,  and  cooling  rates 
in  excess  of  40 *C  are  usually  required,  in  order  to  prevent  dissolution  reac¬ 
tions  [Figures  54,  55,  56(a)  through  56(c)]. 
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Figure  46.  Ti-B-C  (63-10-27  At. %),  Quenched  from  2580'C .  X550 

Primary  Monocarbide  with  Bivariantly  Solidified 
Ti  +  TiBz  +  TiC  Mixture  at  the  Grain  Boundaries. 


Figure  47.  Ti-B-C  (55 -1 0-35  At. %),  Rapidly  Quenched  X1000 

from  2640®C . 


Primary  Monocarbide,  with  TiB2  +  TiC  Eutectic  at 
the  Grain  Boundaries. 


Figure  48.  Ti-B-C  (44-26-30  At. %),  Quenched  from  2622*C. 

Small  Amounts  of  Primary  Monocarbide  in  a  Matrix  of 
TiC  +  TiB,  Eutectic. 


Figure  49.  Ti-B-C  (44-29-27  At. %),  Cooled  with 

Approximately  80®C  per  Second  from  2620°C 

TiB2  +  TiC  Eutectic. 
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Figure  50.  Ti-B-C  (42-33-25  At. %),  Quenched  from  2620*C .  X700 

Traces  of  Primary  Diboride  in  a  Matrix  of  TiB2  +  TiC  Eutectic. 


Figure  51.  Enlarged  View  of  the  Sample  from  Figure  X2000 

Primary  Diboride  Crystal  in  Surrounding  Matrix  of  TiB  +  TiC 
Eutectic.  * 
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Figure  52.  Ti-B-C  (55-10-35  At. %),  Cooled  with  X1000 

Approximately  50"C  from  2645*C. 

Primary  Monocarbide  +  Partially  Annealed  TiBz  +  TiC 
Eutectic  at  the  Grain  Boundaries. 


Figure  53.  Ti-B-C  (44-29-27  At.%),  Cooled  with  X750 

Approximately  2*C  per  Second  from  26Z0*C. 

Annealed  Eutectic  TiB  +  TiC.  Note  Localized  Diboride 
Precipitations  in  TiB,. 


34*  Ti-B-C  (57-3-40  At. %),  Quenched  from  2800 °C . 
Single  Phase  Monocarbide  Solution.  a_  ,  =  4,326.8. 


55.  Ti-B-C  (57-3-40  At. %),  Cooled  with  Approxi¬ 
mately  20“C  per  Second  from  2600*C. 

Monocarbide  with  Precipitation  of  TiB 
aTi{C»B)  =  4,323  ^ 


X150 


X1000 
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Figure  56(a).  Quenched  Single  Phase  Ti  (C,B)j 
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Figure  56(b).  Cooled  with  Approximately  50*C  per  Second. 
Initiation  of  Localized  Oiboride  Precipitations. 
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Melting  point  alloys,  as  well  as  solid  state  equilibrated 
samples  located  along  the  concentration  line  diboride -graphite  were  two-phased, 
containing  diboride  and  graphite  (Figures  38  and  57). 
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Figure  57.  Ti-B-C:  Location  of  Melting  Point  Samples,  and 
Qualitative  Phase  Evaluation  after  Melting. 

Incipient  melting  at  small  (<  10  At.%)  and  high  (>50  At.%) 
carbon  concentrations  was  difficult  to  observe,  and  generally  noted  only  at 
temperatures  in  excess  of  the  eutectic  line  (Figure  58).  Nevertheless, 
heterogeneity  at  the  eutectic  temperature  in  a  sample  with  a  carbon  content  of 
5  atomic  percent  was  established  by  differential  thermal  analysis,  i.e.  the 
maximum  carbon  exchange  in  the  diboride  must  therefore  be  lower.  Alloys 
with  carbon  contents  of  30  and  32  atomic  percent  melted  sharp  (Figure  58), 
indicating  that  the  eutectic  point  must  be  located  in  this  composition  region. 


82 


Figure  58.  Pseudobinary  Section  TiB2~C: 

Melting  Temperatures  and  Qualitative  Phase 
Evaluation  of  Solid  State  Equilibrated  and  Quenched 
Alloys . 


Metallographically,  the  alloys  with  carbon  concentra¬ 
tion  up  to  30  atomic  percent  contained  primary  crystallized  diboride  (Figures 
59  through  61).  A  purely  eutectic  structure  was  exhibited  by  the  alloy  with 
a  carbon  content  of  32  atomic  percent  (Figure  62).  Carbon-richer  alloys  showed 
besides  eutectic, primary  crystallized  graphite  (Figures  63  and  64). 

5.  The  Pseudobinary  Section  Diboride -Boron  Carbide 

An  alloy  Ti-B-C  (24-70-6  At.%),  located  along  the  sec¬ 
tion  TiB2-B4C  showed  incipient  melting  at  2317*C  (Table  32),  and  melted  through 
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Figure  59.  Ti-Q-C  (28-57-15  At.%),  Cooled  with  8°C  per  Xo50 

Second  from  2550°C. 

Primary  Diboride  in  a  Matrix  of  Partly  Annealed  TiBz+  C 
Eutectic . 


re  60.  Ti-B-C  (25-50-25  At.%),  Quenched  from  2545°C.  X500 

Primary  TiB^  and  TiB2  +  C  Eutectic. 


Figure  61.  Ti-B-C  (23-47-30  A*.%),  Quenched  from  2514*C.  X3< 

Traces  of  Primary  Diboride  in  a  Matrix  of  TiBz  +  C  Eutectic 


Figure  62.  Ti-B-C  (23-45-32  At. %),  Quenched  from  2507'C.  X3 

TiB,  +  C  Eutectic. 


Figure  63,  Ti-B~C  {19-36-45  At. %),  Quenched  from  2517 °C .  X300 

Primary  Crystallized  Graphite  and  TiBz  +  C  Eutectic. 


Figure  64.  Ti-B-C  ( 15-30-55  At. %),  Cooled  with  Approxi-  X1000 

mately  20'C  per  Second  from  2640®C. 

Primary  Graphite  (Dark)  in  a  Matrix  of  TIB  +  C  Eutectic. 


at  a  temperature  of  2850*C.  While  two-phased  melting  was  still  fairly  pro¬ 
nounced  in  an  alloy  Ti  (18)-B(73) -C(8)  At.%,  whose  incipient  melting  tempera¬ 
ture  was  determined  by  differential  thermal  analysis  (Figure  65),  the  alloy  with 
a  boron  carbide  content  of  86  atomic  percent  melted  fairly  sharp.  Metallog- 
raphically,  the  alloy  contained  small  amounts  of  primary  diboride  in  a  eutectic 
matrix.  The  presence  of  large  pores  as  well  as  excessive  breakout  of  structure 
components  during  pregrinding  resulted  in  poor  metallographic  specimens.  The 
microstructures  were  therefore  examined  visually  only. 


Figure  65.  Pseudobinary  Section  TiB2-B4C. 
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6. 


Ternary  Equilibria  in  the  Composition  Region 
TiC-TiBz-B-C 

Incipient  melting  in  an  alloy  located  in  the  boron-corner 
of  the  system  was  noticed  at  2016 “C.  This  temperature  is  lower  than  the 
eutectic  temperatures  of  the  surrounding  binary  or  pseudobinary  sections 
[TiBz  +  B:  2080‘C,  TiB2  +  B4C:  2310*C,  B+C  +  B:  20804C<72*  73\  Figure  66]  . 
Metallographically,  an  alloy  Ti-B-C  {4-90-6  At.%)  which  was  cooled  with  approxi¬ 
mately  10"C  per  second  from  2040*C,  consisted  of  approximately  80  of  a  eutectic - 
type  structure,  the  primary  constituents  being  B^C  and  TiBz«  The  microstruc¬ 
tures  however,  were  of  comparatively  poor  quality  and  hence  the  photographs 
were  not  taken  up  into  the  report. 

In 'three-phase  alloys  TiBz  +  B^G  +  C  incipient  melting 

consistently  was  observed  at  temperatures  in  the  vicinity  of  2240*C  (Table  32, 

Figures  67  and  68).  Microscopically,  an  alloy  Ti-B-C  (20-63-17  At.%)  cooled 

from  2300°C,  contained  primary  crystallized  TiBz  in  a  matrix  of  B  C  and 

carbon  (Figure  69).  Although  recrystallization,  but  especially,  segregation  of 

the  diboride  and  graphite  grains  to  the  boron  carbide  grain  boundaries,  could 

not  be  fully  prevented,  the  microstructure  of  a  sample  Ti-B-C  (8-64-28  At.%, 

Figure  70)  indicates,  that  the  ternary  eutectic  must  be  located  close  to  this 

composition.  In  concurrence  with  previous  work  by  R.  P.  Elliott^73^  and 
(72) 

R.T.  Dolloff  ,  we  found  the  binary  eutectic  reaction  isotherm  L  +  B^C  +  C 
to  occur  in  the  vicinity  of  2400"C.  It  is  especially  noteworthy,  that  strong 
supercooling  of  the  boron-carbon  melts  consistently  was  observed  in  the  DTA- 
runs  (Figure  71). 


In  three-phase  alloys  TiBz  +  TiC  +  C  incipient  melting 
was  found  to  occur  at  24004C  (Table  32,  Figure  72).  Melting  was  nearly  iso¬ 
thermal  in  the  alloys  located  close  to  the  pseudobinary  TiBz  +  C  eutectic  composi¬ 
tions,  and,  characteristically,  the  low  viscosity  eutectic  melt  would  fill  the 
observation  hole  of  the  melting  point  specimens,  as  soon  as  the  eutectic  tem¬ 
peratures  were  reached  [Figure  73  (a)  and  73  (b)]. 

Metallographically,  an  alloy  Ti-B-C  (25-40-35  At. %) 
after  quenching  from  24204C,  is  almost  purely  eutectic  [Figure  74(a)]  .  Alloys 
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Figure  67.  DTA-Thermogram  (Cooling)  of  a  Ti-B-C  (28-62-10  At.%) 
Alloy  Located  Close  to  the  Pseudobinary  Section  TiB2+  C. 


located  closer  to  the  boundary  system  Ti-C,or  the  pseudobinary  section 

TUB  -C.contain  either  the  monocarbide  and/or  graphite  (Figures  74(b)  and  75], 

or  diboride  and  graphite  (Figure  76),  as  primary  crystallizing  species. 
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Figure  69.  Ti-B-C  (20-63-17  At.%),  Cooled  wi-th  Approxi¬ 
mately  160C  per  Second  from  23Q0°C. 

Primary  TiB  (Bright,  Large  Grains),  B4C  (Grey),  and 
Graphite  (Black,  Elongated  Staples). 
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Figure  70.  Ti-B-C  (8-64-28  At.%),  Quenched  from  2246 °C 

Traces  of  Primary  TiB,  in  an  Eutectic  Matrix 
TiB  +  BjC  -t  C  . 
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Figure  72.  DTA-Thermogram  of  a  Ti-B-C  (30-35-35  At.%)  Alloy, 

Showing  Liquification  and  Solidification  of  the  TiB  +TiC+C 
Eutectic  at  2400°C. 


Although  care  was  taken  to  present  the  phase  diagram 
data  as  clearly  as  possible  in  the  assembly  drawing  of  Figure  1,  three- 
dimensional  drawings  are  inherently  complex  and  difficult  to  visualize.  Hence, 
in  order  to  facilitate  consultation  of  the  phase  diagram  data,  and  also  to  show 
more  clearly  the  temperature  sequence  of  reactions  occurring  in  the  alloy 
system,  a  series  of  isothermal  sections  have  been  prepared  from  the  smoothed 
experimental  data.  They  are  presented  in  Figures  77(a)  through  77  (i) . 
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Figure  7?{a)  Firani-Melting  Point  Specimen  of  a  Ti-B-C 
(34-25-40  A.t.%)  After  Reaching  2400®C. 

Note  Eutectic  Melt  Exuding  from  the  Black-Body  Hole 
in  the  Specimen. 


Figure  73(b)  Sample  from  Figure  73,  After  Sectioning. 
Note  Melt -Cavity  in  the  Interior. 
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Figure  77(b) 


Isothermal  Section  at  1600°C 


I700*C 


Figure  77(d) 


Isothermal  Section  at  2000°C 
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Figure  77(i)  Isothermal  Section  at  2800“C. 


Vertical  sections  (isopleths)  are  often  useful  in 
determining  the  temperature  behavior  of  specific  alloy  compositions,  or 
of  alloys  located  along  given  concentration  lines;  three  such  section,  covering 
in  essence  all  the  important  equilibria  in  the  system,  have  been  prepared 
from  the’ temperature  sections,  and  are  illustrated  in  Figures  3,  4,  and  5. 

Finally,  the  compositions  of  the  melts  participating 
in  nonvariant  equilibria  (p  =  const),  as  well  as  the  concentration  lines  for 
bivariant  solidification  {melting  troughs),  have  been  combined  to  yield  the 
diagram  shown  in  Figure  78. 
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Figure  78.  Ti-B-C:  Melting  Troughs  and  Compositions  of  the 
Melts  Participating  in  Nonvariant  (p  =  const) 
Equilibria. 


B.  ZIRCONIUM-BORON-CARBON 

1.  The  Zirconium  Phase 

A  study  c£  the  a -p -transformation  reaction  in  zirconium 

in  ternary  alloys  revealed  practically  no  change  with  respect  to  the  value  of 

% 

872  _+  15  *C,  obtained  from  a  DTA-run  on  crystal -bar  zirconium  (Figure  79). 


♦The  specimen  used  for  the  DTA  experiments  was  machined  from  a  zirconium 
crystal  bar  obtained  from  Wah  Chang  Corporation,  Albany,  Oregon. 
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Aa  a  mean  value  of  eight  runs,  a  temperature  of  880  +  15 *C  was  obtained 
in  three-phased  specimens  Zr  +  ZrB2  +  ZrC  (Figure  80).  Although,  in  view 
of  the  error  limits  in  the  measurements,  a  firm  conclusion  certainly  cannot 
be  drawn,  the  data  suggest  a  per itectic -type  of  decomposition  of  the  a- modi¬ 
fication  initiating  at  the  binary  Zr-B  system,  and  extending  to  the  edge 
binary  Zr-C.  As  to  be^expected  from  the  solubility  data  in  the  two  boundary 
systems,  the  ternary  solid  solubility  at  the  ternary  eutectic  temperature 
P-Zr  +  ZrBj  +  ZrC  in  p-zirconium  is  below  1  atomic  percent  B -metal . 


Figure  79.  a-p  (hep  — —  bcc)  Transformation  in  Crystal  Bar 
Zirconium. 

2.  Phase  Equilibria  in  the  Metal-Rich  Portion  of  the  System 

Samples  located  within  the  concentration  region  Zr  +  ZrB2+ 
+ZrC,  and  which  were  equilibrated  at  1400*C  (Figure  81),  or  were  melted 
(Table  33),  contained  only  the  above  three  phases.  In  the  average,  lattice  param¬ 
eters  of  a  =  3.238  X. ,  and  c  =  5. 160  X  were  measured  for  the  zirconium  phase 
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Figure  80.  DTA-Thermogram  of  a  Zr-B-C  (65-18-17  At.%)  Alloy. 


and  a  =  4.702  X ,  c  =  3.  532  X  for  zirconium  diboride  in  an  alloy  series 
equilibrated  and  quenched  from  160Q*G.  From  these  parameters,  a 
significant  semimetai  exchange  seems  only  to  be  indicated  for  the  monocarbide 
phase. 


From  the  melting  point  measurements  (Table  33)  as 
well  as  the  differential-thermoanalytical  studies  (Figure  80),  a  temperature 
of  1615*C  was  derived  for  the  eutectic  reaction  isotherm  L — ►  p-Zr+ZrBz+ZrC . 
Although  isothermal  melting  in  the  alloy  Zr-B-C  (88-10-2  At.%)  indicated  the 
approximate  composition  of  the  ternary  eutectic  point,  the  precise  location  by 
a  metallographic  analysis  of  the  microstructures  initially  presented  difficulties 
The  annealing  reactions  are  very  rapid  (Figures  82  through  86),  and  the 
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Figure  81.  Zr  -B-C:  Location  and  Qualitative  Phase  Evaluation 
of  the  Alloys  Equilibrated  at  1400*G. 


clustering  tendency  of  the  diboride  resulted  in  poorly  interpretable  micro¬ 
structures  (Figures  83  and  84).  Rapid  quenching  (>I50*C  per  second)  proved 
to  be  essential,  in  order  to  retain  the  structures  in  the  as -crystallized  state 
(Figures  87  through  89).  The  metal-rich  eutectic  trough,  extending  from  the 
ternary  eutectic  to  higher  semimetal  contents,  proceeds  close  to  the  Zr-B 
edge  binary,  since  carbon  contents  in  excess  of  three  atomic  percent  result 
in  the  presence  of  increasing  amounts  of  primary  crystallized  monocarbide 
phase  (Figures  90  through  93). 


91 


w% 

J! 


“>  0 

5u  « 

4>  *  P- 


a 

+ 

■ 

«o 

• 

u 

u 

y 

0 

y 

0 

6 

*3 

• 

3 

y 

y 

U 

O 

♦* 

s 

S 

u 

2 

0 

0 

2 

2 

2 

0 

lO 

+ 

O 

? 

31 

0 

0 

0 

4) 

d 

• 

>4 

$ 

• 

u 

<* 

<EL 

+ 

wO 

u 

I 

y 

0 

3 

ca 

# 

y 

0 

3 

-f 

Q.  ■ 

Q- 

• 

3 

0 

-0* 

O 

0 

0 

0 

0 

u 

85 

+ 

-5- 

d 

vO 

-r 

43 

+ 

41 

+ 

n.d 

2 

•H 

u 

♦a 

0 

d 

-O 

d 

ex 

0 

+ 

+ 

f4 

2 

+ 

B 

•*4 

f 

? 

+ 

? 

? 

1 

3 

*? 

? 

j 

+ 

£ 

3 

*04 

•04 

*i4 

•H 

i4 

M 

U 

Ol 

Vi 

tO 

•-4 

u 

M 

M 

4) 

3 

3 

+ 

3 

3 

3 

+ 

+ 

3 

Pi 

•v* 

4- 

3 

•M 

•M 

CQ. 

a_ 

ax 

a. 

a 

CL 

CL 

CL 

CL 

a. 

CL 

CL 

CL 

CL 

wo 

CL 

••4 

H 

O  <4 

a- 

N 

00  03 

CO 

0 

xf 

■Xf 

nO 

0 

CO 

CO 

in 

O' 

in 

O  CO 

-a*  ■*> 

m  in 

O 

vO  m 

0 

0 

0 

0 

0 

0 

O 

O 

0 

0 

0 

O 

r-  co 

oa 

Ol  — * 

h- 

rH  lO 

r- 

o- 

xO 

r- 

r- 

r- 

r- 

vO 

r- 

r- 

m 

•  * 

•  • 

• 

0  0 

• 

0 

0 

0 

0 

4 

0 

• 

• 

0 

• 

• 

0  # 

*d 

O  vn 

•d 

co  in 

'O' 

CO  CO 

if 

Xf 

Xf 

Xf 

4* 

xf 

xf 

xf 

Xf 

xf 

Xf 

fO  co 

0 

3 

♦ 

(3 

11  11 

£ 

11  11 

II 

H  It 

11 

1! 

II 

II 

li 

II 

It 

II 

II 

It 

II 

11 

II  II 

0  u 

4  u 

4 

4  u 

4 

4 

Cl) 

4 

4 

4 

4 

4 

<4 

4 

4 

4  U 

3 

5 

Q. 

WO 

Cl 

CL 

Cl 

Q_ 

a. 

CL 

CL 

CL 

CL 

CL 

CL 

CL 

to 

CL 

a. 

a. 

CL 

CL 

Q. 

CL 

CL 

CL 

CL 

CL 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

wO 

«o 

wO 

to 

wO 

wO 

WO 

wO 

tO 

wo 

tO 

CL 

CL 

CL 

a. 

a- 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

4- 

+ 

-1- 

+ 

+ 

*4- 

0 

0 

0 

d 

a 

d 

0 

0 

d 

0 

0 

CL 

CL 

a. 

CL 

wO 

tO 

wO 

wO 

wo 

CO 

(0 

® 

® 

03 

CO 

0 

0 

3 

3 

CO 

60 

tan 

bfl 

60 

00 

60 

0 

60 

3 

O 

O 

d 

d 

0 

8 

V 

0 

V 

d 

0 

60 

0 

Vi 

O 

8 

« 

00 

0 

V* 

60 

0 

u 

O 

U 

4) 

4J 

0 

M 

» 

4-» 

0 

V 

4-* 

O 

M 

0 

4* 

0 

u 

1) 

0 

h 

O 

Vi 

0 

8 

0 

tao 

O 

>4 

O 

Vi 

0 

*-» 

0 

0 

c 

0 

Pt 

*4 

A 

6ft 

on 

60 

0 

60 

0 

0 

0 

V 

« 

0 

<u 

0 

0 

60 

0 

60 

flQ 

0 

0) 

0 

u 

4) 

0. 

u 

O 

M 

0 

.8 

O 

Vi 

0 

0 

43 

0 

43 

43 

>> 

43 

>x 

43 

>x 

4! 

>x 

43 

S-X 

43 

43 

>N 

0 

u 

d 

<y 

fd 

*d 

S 

0 

Vi 

0 

& 

+* 

4-» 

a) 

4-» 

•M 

u 

u 

u 

L 

Vi 

u 

•M 

Li 

+* 

0 

« 

A 

0 

d 

0 

d 

0 

« 

0 

0 

0 

0 

*-4 

0 

O 

43 

43 

43 

m 

43 

tt 

A 

QQ 

> 

> 

> 

> 

> 

► 

> 

43 

W 

> 

♦3,  ft  o  o  m 

7!  »  id  'f  ^  '-t 

3  a  2  xo 

2  i<  o  H  H 


o  o 
vO  in 

xO  xO 


-c  H  o 

u|o 

0  4 

m  c  a 


Nor-ONcoinooinoi'ioo'-o 

r-r'-mma'ooooxooxfxfmfo 

sOOOoooomopNCT'aor-oooo 

Hrdi'JNN^l'lfl'vINPjNM 


0 

C>3 

O- 

H 

H 

03 

H 

03 

O 

M 

03 

r-4 

M 

CO 

03 

cO 

sO 

sO 

sO 

sO 

sO 

xp 

NO 

s£> 

sO 

vO 

vO 

-H.-H-*p-lr^(<1C»1PjfXj!'3 


OOO 
io  co  n 

r-  t-  00 

-H  <Xj  (Xj 


I  or  2  M 


• 

CO 

A 

>0 

in 

O 

<0 

0  ! 

M 

d 

g  < 

_ 

rH 

0 

Vi 

O 

in 

CO 

0 

N 

co 

CO 

r* 

d 

•—1 

N 

co 

2 

CO  © 

00  00 


minmixjxoo^'t'-c'jr'j 
— iNiO(<idldld,i,iio 


ininmcommmmxom 

OJ  N  H  —I  <M 


oooohn(*ioni/i 

t^ve^o^o^omminin^ 


ooo'O'-injro^'inNon- 


o  co  t~ 
<n|  tM  lM 


OOO 

me o  m 


o  so  m 
in  4*  4< 


00  O'  o 
— t  — 1  fvj 


Table  33.  (Continue  d) 


to  2 

J3  P  2< 

+»  4 

H  %  r-^ 

S  h  *» 
>  ®  fl 

h  n.  m 

®  c  “ 
5  K  a 
■°  v  71 

0HS 


1  ° 

2 

o  •  A 

0  K 
O  N 


X  o  o 

*3  W4  t4 

fl  *»  ** 

coo 
«  c 
+  •*■»*• 


I  I 


1 

o 

fl 

g 

p 

«-» 

CO 

.5 

o 

© 

u 

u 

0) 

•M 

o 

4 

a 

a 

3 

u 

V 

•M 

vO 

tO 

CO 

O'  CO 

O'  <M 

CO 

■* 

CO 

O  CO 

SO  <0 

vO  cO 

o 

o 

co 

C"  CO 

•~4  in 

—i  m 

r- 

-4  Ifi 

a-4  lO 

*  « 

•  e 

• 

• 

e  • 

*  • 

CO  CO 

CO  CO 

CO  CO 

co  co 

p 

<u 

H 

Oj 

<1 

o 

© 

9) 

w* 

V 

+ 

-h 

so 

+ 

4 

tO 

• 

? 

+ 

■fl 

i 

* 

I 

a 

£ 

O- 

fl 

u 

4* 

M 

M 

b 

O* 

A 

cu 

(0 

H 

* 

«o 

V 

o 

u 

y 

y 

+ 

4 

u 

+ 

+ 

+ 

CL 

•M 

a. 

Q_ 

a. 

o. 

•  ♦  •  • 

CO  fO  fO  CO 


II  li  II  il  II  II  li  II  II  II  II  II  II  II  u  || 

4  0  40  4  4  40  40  40  40  40 

•i  •«  *.«  ••  ••  ••  •• 

■  A  1 1-1  O  A  lA  lO  lA  >A  .A 


-4  O  CM  M 

,  O  O  O  si 

r-  r-  r-  m 

•  #♦♦*•** 

d  ti  fl  rt  fl  11  11  11  1 

4  4  4  fl 


Sc  ****!<*:*!* 


+ 

+ 

+ 

+■ 

+ 

4- 

+ 

+ 

Q- 

Q. 

Q- 

IO 

Q. 

a 

cu 

Q- 

CL 

CL 

Q- 

CL 

a_ 

Q_ 

+ 

+ 

4 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

cO 

iO 

tO 

d 

cO 

to 

cO 

cO 

cO 

cO 

cO 

CO 

WO 

to 

CO 

cO 

cO 

00 

09 

<0 

BO 

d 

00 

M 

BO 

00 

ttO 

fl 

fl 

bo 

(4 

o 

0 

o 

O 

0 

0 

o 

o 

P< 

o 

o 

O 

0 

u 

o 

h 

u 

M 

Pi 

4> 

u 

« 

u 

e 

u 

u 

o 

** 

ti 

0 

5 

e 

♦* 

0 

*» 

0 

4* 

B 

d 

0) 

A 

fl 

e 

A 

fl 

« 

B 

4 

« 

w> 

• 

a 

V 

® 

® 

bo 

ED 

00 

m 

00 

n 

« 

0, 

M 

a 

a 

h 

-fl 

>■ 

0 

u 

V 

43 

Sk 

43 

S 

jfl 

tK 

43 

>. 

43 

>1 

0 

u 

© 

>. 

H 

o 

u 

4) 

>S 

H 

o 

M 

o 

43 

A 

>c 

<3 

5 

s 

h 

44 

K 

M 

tl 

H 

u 

4J» 

■M 

il 

s 

M 

j3 

J3 

43 

4> 

4) 

® 

® 

V 

« 

© 

3 

• 

At 

<U 

® 

© 

m 

03 

9) 

> 

► 

► 

> 

> 

> 

J3 

43 

.tv 

43 

> 

>• 

-* 

— ► 

— ¥ 

-*• 

— *• 

. ^ 

— ► 

_0 

— ► 

o 

IO 

00 

00 

00 

o 

o 

CO 

Is- 

M 

00 

o 

CO 

IT| 

• 

O 

« 

O 

CO 

CO 

H 

r- 

o 

CM 

o 

t"- 

V 

00 

O' 

t- 

o 

to 

O' 

cr 

00 

00 

O' 

IT) 

o 

(M 

oo 

>0 

vO 

n< 

CO 

V 

to 

V 

V 

m 

1  PJ 

(M 

PvJ 

CO 

co 

r*a 

4 

03 

CM 

fU 

CM 

CM 

CM 

CM 

M 

O 

iTl 

o 

CM 

CO 

CO 

M 

V 

00 

CO 

oo 

'O 

CM 

CM 

CM 

^4 

H 

r- 

-e* 

N 

•-H 

1 

r- 

«M 

a 

co 

H 

N 

•H 

rH 

r- 

V 

"•r 

*■4 

CM 

CO 

■e< 

Ol 

IM 

M 

cM 

O 

o 

O 

r- 

M» 

H 

00 

\n 

M* 

sO 

0^ 

'O 

00 

vO 

£> 

00 

t^ 

r^ 

C5 

CO 

co 

CO 

<o 

CO 

cO 

co 

CO 

#-4 

CM 

<M 

CM 

CM 

CM 

CM 

CM 

CM 

un  *-4 

-4  4* 


Is* 

rH 

t-4 

r- 

to 

to 

o 

(M 

CO 

CO 

«o 

c0 

to 

'O 

CM 

<o 

MO 

IO 

o 

o 

o 

t V 

M« 

M« 

CO 

CO 

CO 

CM 

CM 

H 

vO 

co 

00 

cO 

IO 

to 

CO 

to 

CM 

co 

CM 

CO 

CO 

co 

H 

H 

cM 

»o 

lO 

'O 

f- 

CO 

CO 

<o 

CO 

CO 

CO 

CO 

ro 

co 

109 


2510*  3135*  1  very  he  ter  og.  6  +  K  :c  ~  723  K  (prim)  +  eutectic 


O  « 

“  1 

1  S  » 

•  r  « 

1 1 1 

?  6  S 

*  M 

&  £}  + 


•c  T3  ■«  t) 
•  •  #  • 
el  d  d  d 


3  3 


g  o 

o  •  n 

ft .  M 

E  ^ 

O  N 


*  *:  *  * 
+  +  +  + 
•o  to  to  to 


bo  3  3 

o  CU  0  0 

5;  e.  9  « 

S  «J  ad 

*>43  O  V 

«  w  be  ao 

•G  s.  „  °  ° 

>*  7;  H  *>  o 

«  §  'K  S 

®  M  rd  C  V 


O  V 

o  u 
(4  4 

il  i 


to  tO  to  to  to  to  to 


3  oo  be  be  ec 

S  o  o  o  o 

2  m  u  ec  u 

5  ®  o  v  9 

O  «4  +4  -4->  4-» 

W>  4>  ©  «  0) 

0  ^  43  42 

4>  »>*» 

+»  J-i  M  V*  h 

4)  V  <D  Q)  © 

45  >  >  >  > 


w.  « 

— ► 

— ► 

— *> 

— ► 

-*■ 

-► 

-*• 

— ► 

— ► 

£*>& 

• 

C\| 

• 

00 

9 

a 

9 

in 

• 

o 

• 

in 

• 

in 

o 

o 

• 

m 

o 

sO 

• 

• 

ra 

e 

ra 

e 

in 

• 

in 

OP 

o 

cyv 

ra 

■* 

in 

m 

<30 

O 

ra 

ra 

o 

ra 

•  ®  75 

vO 

■tf 

CO 

•* 

'l* 

-* 

VtO 

m 

O' 

sD 

4* 

CO 

m 

<o 

CO 

3S5 

(NJ 

OJ 

«v 

N 

ra 

ra 

ra 

ra 

ra 

ra 

ra 

ra 

ra 

ra 

?  IH* 

>  O  P 

e<  o.  d 
n  3*3 

O 

o 

ra 

00 

4 

m 

sO 

CO 

9 

m 

oo 

o 

o 

CO 

e 

CO 

o 

»  C 

oo 

O' 

O' 

o 

o 

CO 

N* 

o 

O' 

o 

CO 

O' 

ra 

4i  «  -r* 

co 

CO 

CO 

CO 

-J* 

-tt* 

•* 

CO 

ra 

'ra 

H 

ra 

o*a 

ra 

ca 

ra 

ra 

(VJ 

ra 

ra 

ra 

ra 

N 

ra 

ra 

ra 

ra 

m 

«  u 

M  •* 

N«cq 
•  ♦  * 
•  •  • 
•  •  • 
•  • 

*  3 


©  CO  03 

43  to  « 
o  I  I 
(3MM  *> 

2  N  N  W 

3  1  I  fci 

G  d  cxN 


•  •  ■ 

»d  <Q.io 


50 

40 

n 

CO 

30 

25 

20 

ra 
•— 1 

10 

in 

50 

40 

30 

sD 

m 

10 

fO 

o 

co 

n- 

o 

CO 

O 

cO 

O 

o 

o 

H 

co 

U'l 

CO 

4* 

n 

in 

in 

OP 

'O 

a* 

in 

o 

r~ 

r- 

i- 

r- 

o 

ra 

CO 

n 

vO 

o 

o 

ra 

o 

o 

o 

co 

r- 

m 

ra 

ra 

03 

ca 

ra 

m 

CO 

rO 

"H 

fH 

r— 4 

ra 

—4 

—4 

<T-  O  — <  r3  c'l 

<o  ■<f  ^  tj« 


■4*  >r>  *o  p- 
<r  ^  t  ^ 


no 


Figure  82.  Zr-B-C  (94-3-3  At. %),  Cooled  with  Approxi-  X  700 

mately  20*C  per  Second  from  1700*C. 

(3-Zr  (Transformed,  Dark  Stained  Matrix)  +  Zr'Bl  (light) 
and  ZrC  (Grey). 


Figure  88.  Zr-B-C  (65-18-17  At.%),  Cooled  at  Approxi-  X275 

mately  10°C  per  Second  from  lSOO'C. 

Diboride  Clusters  (Light  Crystals)  and  Monocarbide  (Grey), 
in  a  Matrix  of  Zirconium  (Stained  Dark  by  Anodization). 
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Figure  84.  Zr-B-C  (60-25-15  At.%),  Cooled  at  Approxi¬ 
mately  30®C  per  Second  from  2050*G. 


Clustering  of  Diboride  (Light)  in  a  Three -Phased  Alloy 
ZrB.  +  ZrC  +  Zr. 


Figure  65.  Zr-B-C  (45-47-8  At.%),  Cooled  vith  Approxi-  X 

mately  30'C  per  Second  from  1800°C. 

Diboride  (Light.  Angular  Crystals)  and  Round  Monocarbide 
Grains  in  a  Zirconium  Matrix. 
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Figure  88.  Zr-3-C  (90-8-2  At.%),  Quenched  from  1700’C. 

Small  Amounts  of  Primary  Zirconium  and  Ternary 
Eutectic . 


Figure  89.  Zr-B-C  (88-10-2  At.%),  Quenched  from  l6l5*C 
ZrB  +  P-Zr  +  ZrC  Ternary  Eutectic. 
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Figure  92.  Zr-B-C  (83-10-7  At. %),  Quenched  from  1690*C .  X800 

Primary  Mcnocarbide,  and  (3-Zr  +  ZrB  +  ZrC 
Eutectic . 
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Figure  93.  Zr-B-C  (70-10-20  At. %),  Quenched  from  1800’C  .  X400 

Increased  Amounts  of  Primary  Monocarbide,  and  Ternary 
Eutectic . 
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The  Pseudobinary  Section  Diborlde-Monocarbidc 


Solid  state-equilibrated,  as  well  as  melted,  alloys 
located  within  the  concentration  field  diboride -monocarbide  were  two -phased 
ZrtC.BJj  +  ZrBz.  From  the  observed  melting  temperatures  (Figure  94)  and 
the  metallographic  analysis  of  the  melted  and  quenched  specimens  (Figures 
95  through  100),  the  pseudobinary  eutectic  point  was  located  at  42  +_  2  mole 
percent  ZrC^g#. 


i 

Figure  94.  Melting  Temperatures  Along  the  Pseudobinary 
Section  ZrB-ZrC. 
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Figure  95.  Zr-B-C  (49-12-39  At. %),  Quenched  from  3080°C.  X600 

Primary  Carbide  with  Fseudobinary  ZrB2  +  ZrC  Eutectic 
at  the  Grain  Boundaries. 
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Figure  96.  Zr-B-C  (45-23-32  At. %),  Quenched  from  2842“C  .  X500 

Primary  Monocarbide  in  a  Pseudobinary  Eutectic  Matrix. 
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Figure  101.  Zr-B-C  (45-23-32  At. %),  Cooled  at  Approxi¬ 
mately  30“C  per  Second  from  2840*C. 

Primary  ZrC  in  Partially  Annealed  ZrBz  +  ZrC  Eutectic. 
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Figure  102.  Zr-B-C  (45-23-32  At. %),  Cooled  at  Approxi-  X1000 

mately  5°C  per  Second  from  2840°C. 

Primary  ZrC  and  ZrB2>  ZrB?  +  ZrC  Eutectic  Completely 
Recrystallized. 
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Similar  to  the  findings  in  the  Ti-B-C  system,  discussed 
in  the  previous  section,  recrystallization  of  the  eutectic  structure  at  tem¬ 
peratures  close  to  the  eutectic  line  occurs  extremely  fast,  and  partially  or 
complete  annealed  structures  result,  if  cooling  rates  lower  than  approximately 
30*C  are  employed  (Figures  101  and  102). 

An  alloy  series,  located  at  5  atomic  percent  boron 
across  the  homogeneity  range  of  the  binary  monocarbide  phase,  was  single 
phased  after  quenching  from  temperatures  varying  between  2900*  and  3400*C 
(Figures  103  and  104).  An  alloy  Zr-B-C  (60-8-32  At,%),  rapidly  cooled  from 


a 


Zr  — ATOMIC  %  CARBON — *  ZrC 


Figure  103.  Zr-B-C:  Location  of  Melting  Point  Samples,  and 
Qualitative  Phase  Evaluation  After  Melting. 
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Figure  104.  Zr-B-C  (57-3-40  At. <*•),  Quenched  from  3385*C.  X500 

Single  Phase  Zirconiur  -  *,  >  arbide  Solution. 


Figure  105.  Zr-B-C  (60-8-32  At. %),  Cooled  at  Approxi-  X500 

mately  20'C  per  Second  from  2850*C. 

Monocarbide  with  Excess  Metal  and  Traces  of  Diboride 
at  the  Grain  Boundaries. 
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2850*C,  wif  three -phased,  but  contained  only  minute  quantities  of  diboride 
(rigure  105).  The  same  alloy,  aftar  re-equilibiatim  at  1600*C,  shows  consider¬ 
able  precipitation  of  diboride  within  the  monocarbide  grains  (Figure  106). 
Compared  to  Ti-B-C  alloys,  boride  precipitation  from  the  zirconium  mono¬ 
carbide  phase  was  slow. 


Figure  106.  Zr-B-C  (60-8-32  At. %),  Sample  from  Figure  105  X550 

Re-equilibrated  for  15  Minutes  at  1700*C,  and 
Cooled  to  Room  Temperature. 

4.  The  Pseudobinary  Section  Zirconium  Diborlde -Graphite 

X-ray  patterns  prepared  from  molten,  as  well  as  solid 
state-equilibrated,  alloys  located  along  the  concentration  line  diboride -graphite 
(Figures  81  and  94,  Table  33)  showed  only  the  presence  of  these  two  phases. 
The  lattice  parameter  changes  with  respect  to  the  pure  compounds  were  small, 
thus  indicating  only  very  nominal  mutual  solid  solubilities. 
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Figure  107.  Melting  Temperatures  of  Pseudobinary  ZrBz  +  C  Alloys. 

Melting  of  graphite -containing  diboride  alloys  was 
extremely  heterogeneous  up  to  carbon  concentrations  of  20  mole  percent,  and 
incipient  melting  was  difficult  to  note.  Nevertheless,  heterogeneity,  i.e. 
eutectic  melting  definitely  could  be  discerned  in  a  DTA-run  on  an  alloy  contain¬ 
ing  6  mole  percent  graphite  (Figure  107).  In  general,  the  data  obtained  by 
differential-thermoanalytical  techniques,  of  which  a  reproduction  of  a  typical 
recorder  trace  is  shown  in  Figure  108,  were  in  excellent  agreement  with  the 
values  determined  by  the  Pirani-method  (Figure  107  and  Table  33).  Alloys  in 
the  concentration  range  from  30  to  40  mole  percent  carbon  melted  fairly  iso¬ 
thermal,  indicating  that  the  eutectic  must  be  located  somewhere  between  these 
compositions.  The  concentration  of  the  pseudobinary  eutectic  finally  was 
bracketed  to  between  33  _+  2%  by  metallographic  examination  of  the  molten  and 
quenched  alloys  (Figures  109  through  111). 
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Figure  108.  Pseudobinary  Eutectic  Solidification  at  2390 *C  in  a 
Zr-B-C  (31-63-6  At.%)  Alloy. 


5.  The  Pseudobinary  Section  Diboride -Boron  Carbide 

Incipient  melting  in  two-phased  alloys  ZrBz  +  B4C  was 
noted  at  2193*  and  2220*C  in  two  melting  point  specimens  (Table  33  and 
Figure  112).  Although  specimens  richer  in  boron  carbide  were  initially  pre¬ 
pared,  their  electrically  conductivity  was  too  low  to  allow  measurements  to  be 
carried  out  in  the  Pirani  furnace.  An  additional  datum  point  on  a  high-B*C 
alloy,  which  is  in  close  agreement  with  the  aforementioned  melting  point  data, 
was  obtained  by  differential  thermal  analysis  (Figure  113).  The  eutectic 


Figure  109.  Zr-B-C  (26-54-20  At. %),  Quenched  from  2445 *C . 
Primary  ZrBz  and  ZrE  +  C  Eutectic. 


Figure  110,  Zr-B-C  (23-47-30  At. %),  Quenched  from  2425  *C . 
Primary  Diboride  and  Eutectic. 
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Figure  111.  Zr-B-C  (22-43-35  At, %),  Quenched  from  2390*C.  X1000 

Trace  of  Primary  Graphite  in  a  Matrix  of  Pseudobinary  Eutectic 
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Figure  ’12.  Melting  Temperatures  of  Pseudobinary  ZrB  +B4C 
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Figure  113.  DTA-Thermogram  of  a  Zr-B-C  (5-78-17  At.%), 
Alloy,  Showing  Pseudobinary  Eutectic  Melting 
(Heating)  and  Solidification  (Cooling)  Along  the 
Section  ZrB  -B4C. 


composition  was  located  at  approximately  65  mole  percent  B4C  primarily 
by  metallographic  inspection  of  a  series  of  arc  molten  alloys  located  along 
the  pseudobinary  concentration  line  (Figure  114  through  117).  As  evidenced 
by  the  micrographs  shown  in  Figures  116  and  118a,  the  eutectic  structure 
consists  of  fibrillous  zirconium  diboride,  embedded  in  a  continuous  matrix 
o£B4C.  Eutectic  colonies, differing  in  their  orientation.usually  are  separated 
by  a  characteristic  zone  of  diboride-free  boron  carbide  (Figure  118  b). 
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Figure  114.  Zr-B-C  (28-69-3  At. %),  Arc -Melted  and  Quenched 

Primary  Diboride  and  Smaller  Amounts  of  ZrB  +  B4C 
Eutectic . 


Figure  115.  Zr-B-C  (23-71-6  At.  %),  Arc -Melted  and  Quenched 
Primary  Diboride  in  a  Eutectic  Matrix. 


Figure  116.  Zr-B-C  (9-78-13  A  1.%),  Cooled  at  Approximately  X1000 
20“C  per  Second  from'2220“Q,. 

ZrBz  +  B4C  Pseudobinary  Eutectic. 

Note  the  fibrillous  diboride  in  a  matrix  of  boron  carbide. 


Figure  117.  Zr-B-C  (5-78-17  At.%),  Arc -Melted  and  Quenched.  X10D 
Primary  B4G  in  a  ZrB  +  B4C  Eutectic  Matrix. 


Figure  118(a)  XI 000 


Ternary  Equilibria  in  the  Composition  Region 
ZrC-ZrE^-B4C-C. 


I 

I 

I 

I 

1 

I 

I 

1 

B 

B 

I 

I 

I 

B 

B 

10 


Three  alloys  (No.  34,  35,  and  36  in  Table  33),  located 
in  the  concentration  region  ZrB?  +  B4C,  melted  extremely  two -phased.  The 
incipient  melting  temperatures  noted  were  higher  than  the  average  ternary 
eutectic  temperature  of  2l65*C,  derived  from  DTA-runs  on  three  alloys  from 
this  concentration  region.  Metallographically,  an  alloy  Zr-B-C  (10-50-40) 
contained  primary  crystallized  graphite  in  a  matrix  of  secondary  ZrB2  and 
ternary  eutectic  ZrBz  +  B4C  +  C  (Figure  119).  Although  rapid  agglomeration 
of  the  staple -like  graphite  crystals  present  in  structure  resulted  in  uneven 
phase  distributions,  the  micro3tructure  of  the  melted  and  rapidly  cooled  alloy 
Zr-B-C  (12-66-24  At. %,  Figure  120),  maybe  considered  as  representative 
:;or  the  ternary  eutectic  ZrB2  +  B4G  +  C. 


Figure  119.  Zr-B-C  { 10-50-40  At. %),  Cooled  at  Approximately  X500 
40*C  per  Second  from  2460eG. 

Primary  Graphite,  Secondary  Crystallized  Diboride  (Light, 
Elongated  Crystals),  and  Ternary  Eutectic  ZrB2  +  B4C  +  C. 
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!  Figure  120.  Zr-B-C  (12-66-24  At. %),  Cooled  at  Approximately  X200 

]  20*C  per  Second  from  2180*C. 

Ternary  Eutectic  ZrB  +  B4C  +^C  Graphite  Crystals 
Agglomerated  During  Cooling. 


i 

l 

Incipient  melting  in  three-phased  alloys  ZrB2+  ZrC  +C 
generally  was  noted  in  the  temperature  range  from  2360  to  2390*C  (Table  33). 

An  alloy  Zr-B-C  (26-43-31  At.%),  located  close  to  the  ZrBz  +  C  pseudobinary 
eutectic,  melted  nearly  isothermally  at  2368*  and  the  microstructure  was 
almost  purely  eutectic  (Figure  121).  An  alloy  Zr-B-C  (28-35-37)  already  con- 

j 

tains  significant  quantities  of  primary  monocarbide  (Figure  122),  and  a  further 
specimen  Zr-B-C  (35-20-45),  located  on  the  eutectic  trough  extending  to  the 
|  acirconium-carbon  binary,  is  eutectic -like  in  appearance  (Figure  123).  A  sample 

I  Zr-B-C  (48-5-47  At.%)  shows  monocarbide  phase,  accompanied  with  traces  of 

|  ZrBj  and  C  at  the  grain  boundaries  (Figure  124). 
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Figure  121.  Zr-B-C  (26-43-31  At. %),  Quenched  from  2490*C 

Traces  of  Primary  Diboride  in  a  Eutectic  Matrix 
ZrBz  +  ZrC  +  C. 


Figure  122.  Zr-B-C  (28-35-37  At. %),  Quenched  from  2385*C 

Primary  Crystallized  Monocarbide  in  a 
Eutectic  Matrix. 
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Figure  123.  Zr-B-C  (35-20-45  At. %),  Quenchefd  from  2500*C .  X600 

Eutectic-Like  Structure  Formed  by  Bivariant  Solidification 
Along  the  Eutectic  Trough  ZrC  +  C  —  ZrC  +  ZrB4  +  B4C. 


Figure  124.  Zr-B-C  (48-5-47  At. %),  Quenched  from  3l60*C  .  X1000 

Monocarbide,  with  Small  Amounts  of  Graphite  and  Zirconium 
Diboride  at  the  Grain  Boundaries. 
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7. 


Equilibria  In  the  Boron -Corner  of  the  System 

While  the  ZrBJ2  phase  was  absent  in  the  alloy  series 
heat-treated  at  1400*  and  1600*C,  the  X-ray  investigations  on  alloys.  which 
were  equilibrated  and  then  quenched  from  1900*C,  revealed  the  e  xistence  of 
a  two-phase  equilibrium  ZrB12-B<C  (Figure  125).  The  lattice  parameter  of 
a  =  7.408  5L ,  measured  for  the  dodecaboride  in  excess  diboride  &./.d  B4C- 
contalning  alloys,  was  identical  with  that  of  the  binary  compound.  A  possible 
range  of  homogeneity  in  the  ternary  must  therefore  be  small. 


B 


Figure  125.  Qualitative  Phase  Evaluation  on  Quenched  Alloys 

Located  in  the  Boron  Corner  of  the  Zr-B-C  System. 


Phase  Relations  at  1900*C. 


The  Isothermal  reaction  leading  to  the  ternary  (lower 
temperature)  decomposition  occurs  approximately  100*C  higher  than  the  binary 
eutectoid  temperature^7^  (Figure  12b).  The  high-temperature  decomposition 
of  the  dodecaboride,  occurring  under  participation  of  melt  according  to  a  reac¬ 
tion  scheme; 

2rBu  +  B4C  t  ZrBj  +  Melt 

at  2160*Ct  also  was  determined  by  differential  thermoanalytical  means 
(Figure  12 7) .The  microstructure  of  boron-rich  alloy,  Zr-B-G  (90-5-5  At.%), 
containing  about  equal  amounts  of  boron  carbide  and  ZrBJ2,  as  well  as  small 
amounts  of  unreacted  ZrB2,  is  shown  in  Figure  128. 


- - TEMPERATURE,  °C - 

Figure  126.  Binary  (A)  and  Ternary  (B,C,  and  D)  Decomposition 
of  Zrf^  t. 
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Figure  127.  DTA-Thermogram  (Cooling)  of  a  Zr-B-C 
(13-80-7  At. %)  Alloy. 

Four  Phase  Reaction  at  T  =  ~2160*C: 


L  +  ZrBj  — ►  ZrBj^  +  B4C . 
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Figure  128.  Zr-B-C  (90-5-5  At. %),  Equilibrated  for  10  Minutes  X  600 
at  2050*C  After  Melting,  and  Quenched. 

Small  Amounts  of  Unreacted  ZrBz  (White,  Long  Crystals), 
in  a  Matrix  Containing  About  Even  Amounts  of  ZrBJ2  end 
B*C. 

Genuine  Phase  Colors:  ZrB  -  Purple 

B4C  -  Grey 


8.  Assembly  of  the  Phase  Diagram 

The  experimental  results  presented  in  the  previous 
sections  have  been  combined  to  construct  the  phase  diagram  shown  in  Figure  7. 
For  the  sake  of  convenience  in  the  use  of  the  phase  diagram  data,  as  well  as 
to  depict  more  clearly  the  equilibria  and  the  types  of  reactions  occurring  in 
the  system,  a  series  of  isothermal  sections  have  been  prepared  and  are  illus¬ 
trated  in  Figures  129(a)  through  129(h).  The  phases  entering  or  emerging 
from  the  isothermal  phase  reactions  (p  =  const)  in  the  boundary  systems  as 
well  as  in  the  ternary  phase  field,  are  summarized  in  concise  form  in  the 
Schell -Schultz  reaction  diagram  presented  in  Figure  8.  Melting  troughs  and  the 
location  of  nonvariant  melting  equilibria  are  depicted  in  the  drawing  shown  in 
Figure  130. 
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Figure  129(h).  Isothermal  Section 
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HAFNIU  M  -BORON  •CARBON 


1.  Equilibria  la  the  Hafnium -Coroar  of  the  System 

A*  noted  from  the  binary  system*  (Figure  21  and  24) 
addition  of  boron  does  not  affect  to  any  appreciable  extent  the  a -P -transforma¬ 
tion  in  pure  hafnium;  on  die  other  hand,  the  hexagonal  close-packed  a(low 
temperature)  modification  dissolves  inter stittally  up  to  14  atomic  percent 
carbon,  and  is  stabilised  to  temperatures,  which  are  above  the  melting  point 
of  the  pure  element.  It  is  now  of  interest  to  investigate,  how  the  simulfcneous 
presence  of  boride  and  carbide  phases  will  affect  the  phase  behavior  of  a-  and 
P -hafnium.  In  the  alloy  series  equilibrated  at  1400*C  (Figure  131),  X-ray 


Figure  131,  Hf-B-C:  Location  and  Qualitative  Phase  Evaluation 
of  the  Alloy  Series  Equilibrated  at  1400*C. 


diffraction  studies  on  the  metal-rich  alloys  showed  the  patterns  of  a-Hf, 

HfR,  and  HfC.  Incipient  melting  in  an  alloy  Hf-B-C  (92-6-2  At.%,  Table  34) 
was  noted  at  186l°C,  but  melting  in  tHs  alloy  was  extremely  two-phased,  as 
evidenced  by  the  high  collapsing  temperature  of  2C36eC.  Heterogeneity  in  the 
melting  behavior  was  less  pronounced  in  the  alloy  Hf-B-C  (88-8-4  At.%),  but 
true  isothermal  melting  was  observed  in  neither  of  the  alloy  samples  run  in 
the  Pirani fur  nace . 

The  temperatures  at  which  the  sampler  collapsed, 
increased  rapidly  with  increasing  carbon  content  of  the  alloys-  indicating,  that 
the  eutectic  trough  in  the  metal-rich  region  of  the  system  must  ran  close  to 
the  hafnium-boron  edge  binary. 

X-ray  analysis  of  the  as-melted  and  quenched  alloys 
generally  revealed  the  presence  of  a-Hf  and  HfB  or  of  a-HfB^  and  HfC  solid 
solution  (Table  34)  in  the  alloys  quenched  from  below  2000’C;  no,  or  only 
small  amounts  of  monaboride,  were  detected  in  higher -temperatur  e  quenched 
alloys,  which  usually  consisted  of  a  mixture  of  hafnium,  hafnium  monocarbide, 
and  traces  of  diboride. 

In  repeated  DTA  runs  on  three  alloys  located 
in  the  hafnium-corner,  signs  for  the  a-p  -hafnium  phase  reaction 
could  only  be  observed  in  the  samples  containing  less  than  5  atomic  percent 
carbon  (Figure  132).  The  reaction  was  absent  in  the  alloy  Hf-B-C  (88-4-8  At.%), 
and  also  was  not  noticed  in  another  alby  Hf-B-C  (70-20-10  At.%,  Figure  133). 
X-ray  as  well  as  metallographic  analysis  showed  the  reaction  isotherm  appear¬ 
ing  at  about  1950°C  in  the  latter  sample,  to  be  associated  with  the  replace¬ 
ment  of  the  equilibrium  a-Hf  +  HfB  by  an  equilibrium  monocarbide  +  melt. 

The  data  gained  by  X-ray  and  differential -thermo - 
analytical  means  were  independently  confirmed  and  supplemented  by  metal¬ 
lographic  data  on  melted,  heat-treated,  as  well  as  quenched  alloys.  Melted 
samples,  located  at  less  than  2  atomic  percent  carbon  along  the  hafnium-boron 
boundary  systems,  contain  no,  or  very  little,  primary  carbide  phase  (Figures 
134  through  137).  A  pure  eutectic  structure  was  observed  in  the  alloy  contain¬ 
ing  12  atomic  percent  horon  (Figure  137). 
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Figure  132.  DTA-Thermogram  of  a  Metal-Rich  Hf-B-C 
(86-10-4  At.%)  Alloy. 


Although  the  a  •  and  transformed  p-hafnium  could  be 
clearly  distinguished  only  in  alloys  with  low  semimetal  contents  (Figures  138 
through  142),  direct  and  independent  evidence  for  the  existence  of  an  equi¬ 
librium  HfB  +  a-Hf  at  lower  temperatures  was  gained  by  a  comparison  between 
the  microstructures  of  melted  and  quenched,  and  lower -temperature  re-equi¬ 
librated  alloys  (Figures  143  through  147). 
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Figure  133.  DTA -Thermogram  of  a  Hf-B-C  (70-20-10  At. %), 
Alloy. 

Note:  The  reaction  initiating  at  about  19O0°C  on  the 

heating  cycle  is  due  to  non -equilibrium  conditions 
obtained  by  quenching  from  the  molten  state  in 
the  preceding  run. 
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Figure  134.  Hf-B-C  (95-3-2  At. %), Quenched  from  2100'C. 

Primary  P -and/or  a-Hf,  with  Ternary  Eutectic  at  the 
Grain  Boundaries. 

X-ray:  Hf  +  HfB 
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Figure  135.  Hf-B-C  (92-6-2  At. %),  Quenched  from  1900*C  .  X325 

Primary  a-  and  P-Hf,  and  Ternary  Eutectic  a+P  +  HfB. 

X-ray  After  Cooling:  a-Hf  +  HfB. 
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Figure  136.  Hf-B-C  {88-10-2  At. %),  Quenched  from  1860*C  . 

Small  Amounts  of  Primary  Metal  Phase  and  Ternary 
Eutectic  a  +  |3  +  H£B 


X-ray  After  Cooling:  a-Hf  +  HfB 


Figure  137.  Hf-B-C  (86-12-2  At. %),  Quenched  from  1850 *C 
Ternary  Eutectic  a-Hf  +  |3-Hf  +  HfB 
X-ray  After  Cooling:  a-Hf  +  HfB 


X1000 


Figure  138.  Hf-B-C  (95-3-2  At. %),  Equilibrated  at  1850°C, 
and  Quenched. 

p-Hafnium  (Transformed). 


Note:  Averate  structure  contained  traces  of  excess 
monoboride. 


Figure  139.  Hf-B-C  (92-3-5  At. %),  Equilibrated,  and  Cooled  X800 
at  1*C  per  Second  from  1850*C. 

a-Hf -Solid  Solution  with  Oriented  Precipitations,  and  Small 
Amounts  of  Excess  Monoboride. 


Figure  140.  Hf-B-C  (S7-3-10  At. %), Heat-Treated  at  1800*C 
and  Cooled. 

a-Hf -Solid  Solution  with  Unidirectional  Monocarbide 
Precipitations,  and  Small  Amounts  of  Excess  Monoboride 


141.  Hf-B-C  (85-2-13  At. %),  Melted,  Re-equilibrated  for 

30  Minutes  at  2300*C,  and  Cooled  at  <  1  *C  per  Second. 


a-Hf -Solid  Solution  with  Heavy  Precipitation  of  Monocarbide  Pha 
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Figure  142.  Hf-B-C  {82-2-16  At.%),  Melted,  Re-equilibrated  3i 
at  2300*C,  and  Cooled  at  Approximately  10®C  per 
Second. 

Monocarbide  (with  a-Hf  Precipitations,  in  a  Matrix  of  a-Hf 
Solid  Solution,  with  localized  Monocarbide  Precipitates. 


Figure  143.  Hf-B-C  (91-4-5  At.%),  Quenched  from  2300°C . 

Primary  Carbide  (Light,  Isolated  C  rains),  Metal  Phase, 
and  Small  Amounts  of  Ternary  Eute  :tic. 

Non -Equilibrium  Structure, 


Figure  144.  Hf-B-C  {83-10-7  At. %),  Quenched  from  1850*C.  X44G 

Primary  Monocarbide  (Rounded,  Light  Grains),  Secondary 
Metal  Phase,  and  Ternary  Eutectic. 

X-ray  After  Cooling:  a-Hf  +  HfB  +  HfC 


Figure  145.  Sample  from  Figure  144,  Equilibrated  for  15  Minutes  X480 

in  the  Liquidus  +  Solidus  Region  (1900°C),  and  Cooled. 

Hf  +  HfB.  Note  Absence  of  the  Carbide  Phase. 

X-ray:  a-Hf  +  HfB. 


163 


Figure  146.  Hf-B-C  (83-14-3  At.%),  Quenched’from  2000*C  .  X480 

Primary  Carbide  (Rounded  Grains)  in  a  Bivariant  Eutectic 
Matrix. 


Figure  147.  Sample  from  Figure  146,  Re-equilibrated  for  X480 

20  Minutes  at  1820*C,  and  Quenched. 

Note  Hole  Formation  Due  to  Disappearance  of  the  Carbide 
Phase. 
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A  sample  Hf-B-C  (68-27-5  At.%),  contains  a  three- 
phase  mixture  of  HfB2  +  KfC  +  Hf  after  rapid  cooling  from  2085 "C  (Figure  148). 
The  diboride  phase  disappeared  completely  (Figure  149).  however,  upon 
reannealing  of  the  alloy  at  temperatures  lower  than  the  four -phase  reaction 
plane 

L  +  HfC  — »  a-Hf  +  HfB 

at  approximately  2050'C  (Table  34).  In  view  of  the  flow  formation  of  the  moncboride 
at  subsolidus  teuipexatures^^^,  the  presence  of  liquid  phase  in  the  equilibration 
procedures  is  essential  in  order  to  achieve  rapid  phase  conversion. 


With  the  exception  of  the  monocarbide,  for  which 
lattice  parameters  considerably  larger  than  those  of  the  binary,  carbon- 
deficient  carbide  were  measured  (Table  34),  the  lattice  parameter  changes  for 
the  other  phases  were  negligible;  hence,  only  very  restricted  ternary  homo¬ 
geneity  ranges  for  the  boride  phases,  as  well  as  for  the  a -hafnium  solid  solu¬ 
tion,  are  to  be  assumed.  The  metallographic  findings  are  in  support  of  the 
X-ray  results. 

2.  Phase  Equilibria  in  the  Concentration  Region 
HfB  -HfBj-HfCj  _x 

Solid  state -equilibrated  alloys  located  along  the  concen¬ 
tration  line  HfB-HfCj  (0.30  <x  <  0.40)  were  two-phased  (Figure  131),  con¬ 
sisting  of  mechanical  mixtures  of  monoboride  and  monocarbide.  An  average 
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lattice  parameter  of  a  =  4.636  X  was  obtained  for  the  carbon-deficient 
monocarbide  phase  in  equilibrium  with  the  monoboride  at  1400*C. 

Melting  in  the  alloys  located  on  the  metal-rich  side  of 
the  concentration  line  diboride -monocarblde,  occurred  extremely  two-phased. 
The  alloys,  which  usually  were  quenched,  or  rapidly  cooled,  from  tempera¬ 
tures  in  excess  of  2500°C,  contained  non -equilibrium  phase  mixtures,  con¬ 
sisting  of  Hf,  Hf&2,  HfC,  and  smaller  amounts  of  hafnium  monoboride,  formed 
in  the  final  solidification  of  the  alloys.  The  existence  of  the  four -phase  reac¬ 
tion  plane 


L  +  H£B2  2  HfC  +  HfB 

at  temperatures  around  2050*C  resulted  in  the  formation  of  characteristic 
crystallization  patterns:  In  an  alloy  Hf-B-C  (44-48-8  At.%),  located  on  the 
diboride  side  of  the  pseudobinary  eutectic  H£Bz-HfC,  the  primary  product  of 
crystallization  is  HfB2  (Figure  150).  Bivariant  solidification  of  the  melt  along 
the  eutectic  trough  ej-IIj  (Figure  12)  produces  a  eutectic -type  structure  diboride+ 
monocarbide.  However,  as  soon  as  the  four -phase  temperature -plane  is  reached, 
the  phase  combination  HfBj  +  HfC-ss  becomes  unstable  with  respect  to  the  pair 
HfB  +  HfC-ss,  and  the  eutectic-type  structure  diboride  +  monocarbide  is 
abruptly  replaced  by  the  phase  combination  monoboride  +  monocarbide  (Figure 
151  a  and  b).  Crystallization  finally  is  completed  at  1850*C,  the  temperature  of 
the  metal-rich  ternary  eutectic. 

With  the  exception  of  alloys  close  to  hafnium  mono¬ 
carbide,  melted,  as  well  as  solid  state -equilibrated,  specimens  located  along 
the  concentration  field  HfB^HfCj  (  0  <  x  <  0.  33)  contained  only  these  two 
phases  (Figures  131  and  152  through  154). 

From  the  observed  melting  pattern  (Figure  155,  Table  34) 
and  the  metallographic  examination  of  the  melted  and  quenched  alloys  (Figure 
156  through  162),  the  pseudobinary  eutectic  point  was  located  at  3140  +  15°,  at 
a  concentration  of  34+^2  mole  %  HfC^o,^  •  Annealing  of  the  eutectic  structures 
at  temperatures  slightly  below  the  eutectic  isotherm  occurs  extremely  rapid 
(Figire  159),  and  precipitation  of  hafnium  diboride  from  the  monocarbide  solu¬ 
tion  could  not  be  prevented  by  quenching  (compare  Figures  156  and  157). 


Figure  150.  Hf-B-C  (44-48-8  At, %),  Cooled  at  Approximately  X120 
15*C  per  Second  from  2940*C. 

'  i 

Primary  HfB  (Needle-Shaped,  Bright  Crystals),  Surrounded 
by  Secondary  Eutectic  HfB2  +  HfCj_x.  The  Dark  Areas 
Consists  of  Ternary  Monoboride  Formed  at  Temperatures 
Below  2050 *C,  Small  Amounts  of  Monocarbide  and  Metal 
Phase.  For  Structural  Details,  See  Figure  151. 


Figure  152.  Hf-B-C:  Location  of  Melting  Point  Samples,  and 

Qualitative  (X-ray)  Phase  Evaluation  After  Melting. 


Figure  153.  Hf-B-C  (53-20-27  At. %),  Melted,  Re-equilibrated  X1000 

at  2200*G,  and  Quenched. 

Diboride  (Light)  and  Monocarbide  (Grey),  with  Traces  of 
Metal  Phase  and  Monoboride  at  the  Grain  Boundaries. 


Figure  154.  Hf-B-C  (51-14-35  At. %),  Melted  at  3350°C,  and  X750 
Cooled  at  Approximately  20°C  per  Second  After 
Re-equilibration  at  2800*0. 

Monocarbide  (Dark,  with  Heavy  Diboride  Precipitations), 
with  Small  Amounts  of  Diboride  (Light)  at  the  Grain  Boundaries) 
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Figure  155.  Melting  Temperatures  of  Alloys  Located  Along 
the  Pseudobinary  Section  HfB^HfC^  90 
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Figure  156.  Hf-B-C  (46- 20-34  At. %),  Rapidly  Quenched 
from  3348  °C. 

Primary  Monocarbide  (Dark  Grains,  with  Heavy  Diboride 
Precipitation),  in  a  Matrix  of  HfB2  +  HfG-ss  Pseudobinary 
Futectic. 


Figure  157.  Hf-B-C  (41-38-21  At.%),  Rapidly  Quenched  X400 

from  3145'C. 

Smaller  Amounts  of  Primary  Monocarbide  (Rounded,  Dark 
Grains),  in  a  Pseudobinary  HfBz  +  HfC-ss  Eutectic  Matrix. 


Figure  158.  Hf-B-C  (40-43-17  At. %),  Quenched  from  3142*C.  X1000 


HfBz  +  HfC-ss  Pseudobinary  Eutectic. 
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Figure  159.  Sample  from  Figure  158,  Equilibrated  for 
40  Seconds  at  3100*C,  and  Quenched. 

Annealed  Eutectic  Structure.  Note  Heavy  Precipita¬ 
tions  in  the  Monocarbide  (Dark)  Grains . 


X10C0 
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Figure  160.  Magnified  Portion  of  Specimen  Shown  in 
Figure  158. 

Fine  Structure  of  the  Pseudobinary  Eutectic  HfBz  +  HfC: 
Fibrillous  Monocarbide  Embedded  in  a  Continuous  Matrix 
of  HfB^ 

Note  the  portion  of  a  differently  oriented  eutectic  colony  in 
the  lower  right  of  the  micrograph. 


Figure  161.  Hf-B-C  (40-45-15  At. %),  Quenched  from  3145 *C  .  X1000 

Traces  of  Primary  Hafnium  Diboride  in  a  Matrix  of 
Pseudobinary  Eutectic  HfB,  +  HfC -Solid  Solution. 
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Figure  162.  Hf-B-C  (38-49-13  At. %),  Quenched  from  3145*C.  X500 

Primary  Crystallized  Hafnium  Diboride  and  Pseudobinary 
Eutectic  HfBz  +  HfC-ss. 


The  ternary  solid  solubility  range  of  hafnium  mono¬ 
carbide  was  investigated  by  a  series  of  high  temperature -equilibrated,  and 
quenched,  alloys.  An  alloy  Hf-B -C  (60-8-32  At. %),  which  was  quenched  from 
3350°C,  was  three-phased,  containing  small  amounts  of  excess  metal  phase 
and  monoboride  besides  the  monocarbide  (Figure  163).  An  alloy  series  travers¬ 
ing  at  4  atomic  percent  boron  the  range  of  the  monocarbide  defect  solid  solu¬ 
tions  is  single-phased  after  equilibration  and  quenching  from  3200*0  (Figures 
164  through  166). 
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Figure  163.  Hf-B-C  (60-8-32  At. %),  Quenched  from  3350*C. 


Primary  Monocarbide,  with  Metal  and  Small  Amounts  of 
Monoboride  at  the  Grain  Boundaries. 


Figure  164.  Hf-B-C  (55-4-61  At.%),  Quenched  at  Approxi 
mately  60#C  per  Second  from  3200°C. 

Single  Phase  Hf(C,  B)  Solid  Solution. 


Boride  precipitation  from  the  carbon-saturated  mono¬ 
carbide  phaee  occurs  considerably  faster  than  from  substoichiometxic  composi¬ 
tion,  and  usually  could  not  be  prevented  at  cooling  rates  lower  than  lOO^C  pa* 
second  (Figure  167).  The  amount  of  precipitate  phase  increases  upon  lowering 
the  cooling  rates  (Figure  168  a  and  b),  indicating  that  the  monocarbide  phase 


Figure  167.  Hf-B-C  (48-4-48  At. %),  Quenched  at  Approxi-  X500 
mately  80*C  per  Second  from  3200*C. 

Monocarbide  Solution  with  Intragranular ,  Localized  Diboride 
Precipitations,  and  Scant  Traces  of  Graphite  at  the  Grain 
Boundaries . 


boundary  within  the  two-phase  field  Hf(C,B)Cj  x~HfBz  must  be  located  at  still 
lower  boron  concentrations.  A  maximum  boron  exchange  of'v  22  atomic  percent 
was  observed  at  a  carbon  defect  of  approximately  7  atomic  percent,  and  an 
alloy  Hf-B-C  (57-10-33  At.%),  was  retained  single-phased  by  tin-quenching 
the  sample  from  3100*C  (Figure  169).  The  lattice  parameter  measured, 
a  =  4.649  X ,  is  compatible  with  the  value  to  be  expected  from  the  extrapolated 

(59) 

parameters  for  a  cubic  hafnium  monoboride' 
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Figure  168(a)  X800 


Sample  from  Figure  166, 
Re-equilibrated  at  3200*C, 
and  Cooled  at  Approxi¬ 
mately  10*C  per  Second. 


Figure  168(b)  X500 


Sample  from  Figure  167, 
Re-equilibrated  at  3200*C, 
and  Cooled  at  Approxi¬ 
mately  10*C  per  Second. 


Figure  168(a)  and  (b). 


Increased  Diboride  Precipitations  from  the  Mcnocarbide  Solution 
Following  Slow  Cooling  from  3200°C. 


Figure  169.  Hf-B~C  (57-10-33  At. %),  Tin-Quenched  from  X7' 

3100*C  After  Melting. 

Single  Phase  Monocarbide  Solution  with  Pores  (Dark) 
X-ray:  Single  Phase,  a  =  4,649  X. 

3.  The  Pseudobinary  Section  Hafnium  Diboride -Graphite 

From  previous  work^  as  well  as  the  lower -tempera¬ 
ture  equilibration  treatments  carried  out  in  this  work  (Figure  131),  the  exist¬ 
ence  of  an  equilibrium  diboride -graphite  was  ascertained.  X-ray  analysis  of 
the  melted  samples  further  showed  (Figure  152)  that  both  phases  form  a  true 
pseudobinary  system  of  the  eutectic  type.  The  Isothermal  reaction  tempera¬ 
ture  was  determined  to  2515  1 0*C  from  a  series  of  melting  point  samples 

located  along  the  concentration  diboride -graphite  (Figure  170).  Due  to  the 
presence  of  large  amounts  of  solid  diboride,  incipient  melting  in  the  alloys 
located  close  to  the  hafnium-boron  edge  binary  was  difficult  to  observe  and 
usually  not  noted,  unHl  temperatures  considerably  above  the  eutectic  line 
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Figure  170.  Melting  in  the  Pseudobinary  System  HfBz-C. 


were  reached;  nevertheless,  heterogeneity  at  the  eutectic  temperature  at 
carbon  concentrations  less  than  6  atomic  percent  was  derived  from  measure¬ 
ments  carried  out  differential-thermoanalytically  (Figures  170  and  171),  as 
well  as  by  microscopic  inspection  of  the  melted  alloys.  Micrographic  tech¬ 
niques  also  were  used  to  bracket  the  pseudobinary  eutectic  composition  to 
within  the  composition  limits  38  +  2  mole  percent  carbon  (Figures  172  through 
175). 


Figure  171.  DTA-Thermogram  (Cooling)  of  a  Hf-B-C  (31-63-6  At.%) 
Alloy,  Showing  Pseudobinary  Eutectic  Solidification 
Along  the  Section  HfB  -C . 


Figure  172.  Hf-B-C  (18-36-46  At.%),  Quenched  from  2650‘C.  X600 

Primary  Graphite  in  a  Pseudobinary  HfB?  +  C  Eutectic  Matrix. 
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Figure  173.  Hf-B-C  (20-40-40  At. %),  Quenched  from  2512 *C . 


Traces  of  Primary  Graphite  in  a  Eutectic  Matrix. 
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Figure  174.  Hf-B-C  (22-44-34  At.%),  Rapidly  Cooled  from  2517*C.  X600 
Primary  Hafnium  Diboride  in  a  HfB  +  C  Eutectic. 


Figur  e  175.  Hf-B-C  (28-57-15  At.%),  Cooled  at  2*C  per  X1000 

Second  from  258 0*C. 

Primary  Diboride  with  Grain  Boundary  Graphite 
(Eutectic  Recrystallized. ) 


4.  The  Pseudobinary  Section  Diboride -Bor  on  Carbide 

The  existence  of  a  eutectic  reaction  isotherm  between 
hafnium  diboride  and  boron  carbide  was  established  by  melting  point  as  well 
as  DTA -techniques  (Table  34,  Figures  176  and  177). 

The  eutectic  composition  was  derived  frcm  the  micro¬ 
graphic  analysis  of  the  quenched  alloys.  Typical  microstructures  from  alloys 
from  the  pseudobinary  section,  which  also  reveal  the  eutectic  to  consist  of 
fibrillous  diboride,  embedded  in  a  continuous  boror  carbide  matrix,  are  shown 
in  Figures  173  through  180.  According  to  the  metallqgraphic  findings  (Figure  180) 
as  well  as  the  X-ray  diffraction  results  (Tsble  34),  the  ternary  solubility  ranges 
for  both  phases  are  small. 
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AT,  EXOTHERMIC 


Figure  177.  DTA- Thermogram  of  a  Ilf-B-C  (7-78-15  At.%) 
Alloy,  Showing  Eutectic  Melting  (Heating) 
and  Solidification  (Cooling)  Along  the  Section 
HfB2  -B4C . 
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Figure  178(e) 


X680 


Figure  178(b)  X1C00 


Sample  from  Figure  178(a), 
After  Annealing  at  2200’C  - 
(Pores  are  Due  to  Break¬ 
out  of  Diboride  During  the 
Metallographic  Preparation. 


and  (b).  Eutectic  Alloy  Hf-B-C  (7-78-15  At.%). 

(a)  Quenched  from  2340®C. 

(b)  After  Annealing  at  2Z00*C. 
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Figure  179(e) 


Figure  179(b) 


Figure  179(a)  and  (b).  Alloy:  Hf-B-C  (10-77-13  At. %),  Cooled  at 

Approximately  20*C  per  Second  from  2350*C 

HfBj  +  B4C  Eutectic  Colonies. 
Continuous.  Dark  Phase:  B^C 


Figure  180.  Hf-B-C  (4-79-17  At. %),  Quenched  from  Z360*C.  X100 

Primary  Boron  Carbide  in  a  HfB2  +  B4C  Eutectic  Matrix. 


5.  Equilibria  in  the  Composition  Region 
HfC  -HfB  z  -B  -C 


From  the  existence  of  pseudobinary  sections  HfB2+B4C, 
HfB2  +  C,  and  HfB2  +  HfC,  and  the  appearance  of  simple  eutectic  equilibria  in 
the  boundary  systems,  ternary  eutectic  equilibria  are  to  be  expected  to  form 
within  the  three  phase  fields  HfB2  +  B4C  +  B,  H£B2  +  B*C  +  C,  and  HfB 2+ HfC  +  C. 

The  reaction  isotherms  for  the  latter  two  were  determined 
by  melting  point  (Table  34),  as  well  as  DTA -techniques  (Figures  181  and  18Z), 
and  the  eutectic  composition  derived  from  mctallographic  inspection  of  the  as- 
melted  and  quenched  alloys  (Figure  183,  184,  and  185). 
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AT,  EXOTHERMIC 


TEMPERATURE,  *C - 


Figure  181.  DTA-Thermogram  of  an  Hf-B-C  (10-70-20  At.%) 

Alloy.  Melting  (Heating)  and  Solidification  (Cooling) 
of  the  Ternary  Eutectic  HfB  +  B4C  +  C . 


- - TEMPERATURE.-C  — - ■ 


Figure  182.  Formation  of  the  Ternary  Eutectic  HfB  +  HfC  +  C 
in  an  Hf-B-C  (20-15-65  AT.%)  Alloy. 


Figure  183.  Hf-B-C  (10-67-23  At. %), Quenched  from  2270»C.  X240 

Small  Amounts  of  Primary  Diboride  (Light,  Elongated 
Crystals)  in  a  Predominantly  Eutectic  Matrix  HfB.,  +  B|C  +  C. 


Figure  184.  Hf-B-C  (23-40-37  At, %},  Quenched  from  2500 *C.  X1Q00 

Ternary  Eutectic  HfBz  +  HfC  +  C. 

Note:  The  Ternary  Eutectic  Contains  Only  Very  Small 
Quantities  of  Monocarbide. 
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Figure  185.  Hf-B-G  (25-35-40  At. %),  Quenched  from 
2507  *C. 


X1000 


Primary  Monocarbide  (Round  Elongated  Crystals) 

and  Graphite,  in  a  Matrix  of  Ternary  Eutectic  HfBz+  HfC+C. 


The  poor  electrical  conductivity  of  the  specimens  pro¬ 
hibited  the  use  of  the  Pirani  technique  in  excess  boron-containing  alloys.  The 
finally  accepted  eutectic  temperature  of  1950*G,  therefore,  was  based  on 
DTA-results  obtained  on  an  alloy  containing  4  At.%  hafnium,  90  At.%  boron, 
and  6  At.%  carbon  (Figure  186). 
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Figure  186.  DTA-Thermogram  of  an  Hf-B-C  (4-90-6  At.%) 

Alloy.  Formation  of  the  Ternary  Eutectic 
HfB2  +  BtC  +  C  at  1950*C. 

6.  Assembly  of  the  Phase  Diagram 

The  results  gained  in  the  course  of  the  experimental 
work  have  been  combined  in  the  phase  diagram  assembly  shown  in  Figure  12; 
binary  and  ternary  isothermal  reactions,  as  well  as  the  phases  entering  and 
emerging  from  the  nonvariant  equilibria,  are  summarized  in  the  reaction 
diagram  after  Scheil -Schultz  (Figure  13).  Although  the  liquidus  isotherms 
incorporated  into  Figure  17  lack  high  precision,  it  was  felt,  that  the  estimates 
based  on  the  melting  behavior  of  the  alloys,  together  with  the  incipient  freezing 
data  gained  in  the  differential-thermoanalytical  studies,  should  represent 
sufficiently  close  the  actual  conditions  as  to  warrant  their  recording. 
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For  the  uie  of  consultation  of  the  ternary  phase 
equilibrium  data,  a  series  of  isothermal  sections  have  been  prepared  from 
the  smoothed  experimental  data,  they  are  shown  in  Figures  187(a)  through 

187  (j>. 
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Figure  187(a).  Isothermal  Section  at  1400 *C 
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Finally,  the  composition  data  for  the  non  variant 
melts  {p  *  const),  as  well  as  the  melting  troughs  in  this  alloy  system  have 
been  combined  to  yield  the  projection  diagram  shown  in  Figure  188. 
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Figure  187(c)  isothermal  Section  at  1940®C. 
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Figure  187(f). 


Isothermal  Section  at  2300°C 
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DISCUSSION 


A.  PHASES  AND  PHASE  EQUILIBRIA 

Basically,  the  phase  relationships  in  all  three  systems  are 
very  similar:  Pseudobinary  sections  are  formed  between  the  diborlde  phases 
and  boron  carbide,  graphite,  and  the  monocarbides;  the  ternary  solid  solubility 
ranges  of  all  borides  are  small. 

The  existence  of  monoborides  in  the  systems  Ti-B  and  Hf-B 
accounts  for  one  additional  four -phase  reaction  plane  in  the  metal-rich  regions 
of  these  systems,  and  the  appearance  of  the  high  temperature  phase  ZrBI{ 
results  in  two  isothermal  ternary  reactions  in  the  zirconium-boron-carbon- 
system.  The  metal -rich  equilibria  in  the  ternary  Bf-B-C  are  further  compli¬ 
cated  by  the  carbon-stabilization  of  the  a -hafnium  modification  in  the  binary 
hafnium -carbon.  The  investigations  of  the  ternary  phase  relationships  showed, 
however,  that  the  effect  of  carbon  is  quickly  annihilated  by  boron  additions,  i.e. 
the  a-Hf- solid  solution  is  confined  to  compositions  close  to  the  hafnium-carbon 
binary. 


The  boron-exchange  in  the  cubic  monocarbides  is  a  measure  for 
the  relative  stability  of  a  face-centered  cubic  monoboride  in  the  respective 
binary  metal-boron  systems;  hence,  from  the  obaerved  phase  relationships, 
one  would  derive  a  somewhat  higher  stability  for  a  (hypothetical)  cubic  hafnium 
monoboride,  than  for  the  B1 -compounds  in  the  titanium  and  zirconium-boron 
systems.  Nevertheless,  a  simple  calculation^^  shows  that  the  relative  thermo¬ 
dynamic  stability  of  cubic  monoborides  in  all  three  systems  is  quite  low:  as 
an  average,  the  following  free  enthalpies  of  disproportionation  were  obtained 
(1800°K): 


BH^i(.l1U-  BHf,/  +  a-Hf 

4Gzbh^,  „  v  - 

BTUS^  BTil/2‘+  P-Ti 

4°ZBTi-v,.»  '' 

BZr-l.i?1U“BZri/2  +  ^"Zr 

AOZBZr^.iM'  - 

10,000  cal/grrAt.  boron 

14,  000  cal/gr  .-At.  boron 

15,  000  cal/gr.  -At. boron 


Apart  from  the  direct  experimental  evidence,  these  data  quite  clearly  indi¬ 
cate  the  appearance  of  fee  monoboride  phases  in  the  group  IV  metal -boron 
systems  as  very  unlikely. 


To  a  certain  degree,  the  phase  relationships  in  the  metal- 
boron- carbon  systems  are  closely  related  to  the  corresponding  ternaries 
Me -B -N  .  The  larger  ternary  homogeneity  ranges  of  the  B1  -phases 

observed  in  the  later  Bystems  probably  will  have  to  be  explained  by  a  compara¬ 
tively  stronger  interaction  of  the  interstitial  elements  as  a  result  of  charge 
transfer  reactions.  The  ultimate  formation  of  carbide-like  structures 
[(N-B)s  (C-C)J  at  a  B:N  exchange  ratio  of  approximately  1  seems  to  be  con¬ 
firmed  by  the  experiment^^. 


B.  HIGH  TEMPERATURE  APPLICABILITY  OF  GROUP  IV 
METAL -BORON-CARBON  ALLOYS 


interest: 


Several  phase  'e  qu  ilibr  ium -features  are  of  technical 


In  the  zirconium-boron-carbon  system,  the  concentration  area 
metal  +  diboride  +  monocarbide  suggests  the  possibility  of  zirconium  cementa¬ 
tion  of  diborlde-carbide  mixtures  for  wear -resistant  parts.  Although  the 
comparatively  poor  oxidation  behavior  of  zirconium,  but  especially  of  the 
zirconium  carbide,  at  elevated  temperatures  might  appear  little  attractive, 
certain  improvements  could  be  achieved  by  allaying  additions,  such  as  hafnium, 
or  titanium. 


/- 

In  Ti-B-C  alloys,  cementation  by  Ti  is  only  possible  for  the 
phases  TIB  and  TiCj_x.  The  merit  of  such  composites  mainly  will  depend  upon 
the  (unknown)  mechanical  and  thermal  properties  of  TiB.  A  similar  situation 
is  encountered  with  Hf-B-C  alloys,  although  in  this  case  the  formation  of 
significant  quantities  of  monoboride  could  be  prevented  by  rapid  cooling  from 
temperatures  above  2050*C .  Tie  main  difficulty  in  obtaining  tovgh  composites,  however 
arises  from  the  participation  of  the  carbon-embrittled  a-Hf-solid  solution  in  the 
ternary  equilibria . Improvement  cf  the  ductility  of  the  binder  phase  by  eliminating 


the  high  carbon  solubility  in  the  metal  phase  by  alloying  additions,  such  as 
titanium  and  zirconium,  would  be  a  necessity. 

The  phase  combination  MeC  +  MeB,  might  be  o(  interest  in 
lower  temperature  (<  1500*C)  application,  but  its  high  temperature  potential 
seems  to  be  limited.  The  temperature -dependent  boron  exchiage  reactions 
in  the  monocarbides  are  associated  with  significant  volume  changes,  and  even 
small-level  precipitations  of  diboride,  traversing  the  carbide  grains  along 
specific  crystal  planes  tend  to  disrupt  the  carbide  matrix  and  result  in  bodies 
with  poor  mechanical  properties. 

From  the  application  point  of  view,  probably  the  most  interest¬ 
ing  equilibria  in  the  three  systems  are  those  formed  between  the  diborides 
and  graphite,  and  between  the  diborides  and  boron  carbide. 

Although  the  eutectic  temperatures  of  the  pseudobinary  sections 
diboride -graphite  do  in  neither  case  exceed  approximately  25Q0*G,  the 
microstructures  obtained  suggest  interesting  possibilities  for  the  development 
of  diboriue -graphite  composites  for  high  temperature  applications.  A  close 
control  of  the  micro  structure  by  controlled  solidification  processes  will  in 
each  case  be  advantageous  in  order  to  avoid  segregation  and  agglomeration  of 
the  graphite  phase  at  the  boundaries  of  the  boride  grains. 

Similarly,  the  microstructures  obtainable  for  two-phased 
MeB2  +  BjC  or  for  vh.  j*s -phased  MeB2  +  B4C  +  C  alloys,  should  warrant  a 
somewhat  closer  look  upon  their  characteristics  and  their  technical  usability. 


♦Preliminary  results  obtained  on  other  pseudobinary  sections,  such  as  VB.-C, 
NbBjj-C.and  TaB2-C,  indicate  that  the  eutectic  temperatures  for  all  three  systems 
are  also  in  the  range  from  2400*  to  2500*C. 
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